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Abstract
Evolutionary outcomes are demonstrated by traits that affect an organism’s
schedule of reproduction and survival. These life history traits are reflected in an
organism’s physiology, development and behavior. Environmental changes, such as
availability of nutritional resources, can profoundly affect evolutionary outcomes of
individuals and populations. When shortages arise, there will be trade-offs in the
allocation of resources, where one trait prevails at the expense of another.
In the laboratory, we can mimic conditions in nature and study the specific effects
of the conditions that we re-create. In our case, over 100 generations of Drosophila
melanogaster have been selected for starvation resistance. These starvation-selected
flies exhibit some evolved phenotypes that impact reproduction, survival, cardiac
function, lipid content, metabolic rate and development time.
One specific factor of interest to me, was the reduced fecundity, or egg laying
capacity, of the starvation-selected flies. These females have been shown to have 45%
lower fecundity than the fed controls, while retaining three times the amount of lipids.
They also live three times longer under starvation conditions. The focus of my research
was to look at population variation resulting from the starvation stress response in these
flies, and the underlying developmental, cellular and physiological mechanisms that are
the foundation to the evolutionary changes in these flies.
First, I wanted to confirm that some of the previous data on the flies remained
true after multiple generations of laboratory selection. Once I did that, I wanted to
investigate whether there were any physiological changes in the adult female that
related to egg laying capacity. Therefore, I took a closer look at the ovary. I found that
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the starvation-selected females had an altered ovarian anatomy that impacted the
number of eggs they could produce.
That led me to look back in the fly lifecycle to see if I could determine where in
development these changes may have occurred. I discovered cellular changes in the
larval and pre-pupal ovaries that impacted ovarian development, and contributed to the
adult females’ egg laying capacity.
Then, I looked at larger sample sizes of flies (n=210 for each population) across
seven days of female age in order to investigate peak egg laying capacity and changes
in oogenesis between the treatment populations. These data further confirmed the
conservative physiology of the starvation-selected females with respect to the allocation
of resources to reproduction. These flies maintain a starvation-resistant trait through
frugal allocation of energy to reproduction, which is expressed across generations of
flies and maintains the survival of the population.
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Chapter One
Part One: The Life History Trade-offs Between Survival and Reproduction Under
Nutritional Stress in Insects
Survival of every species is dependent upon its reproductive success.
Multiple factors affect the reproductive potential of an organism. These
factors are reflected through life history, which is shaped by heritable traits that are
defined through natural selection. The life history traits of animals are a result of their
ability to survive environmental stress, maintain somatic growth and produce viable
offspring. Many factors are considered in the life history of an animal, including feeding
behavior, growth rate, age at sexual maturity, reproductive capacity, the number of
offspring and lifespan. Reproductive capacity determines the number of progeny that
an animal can produce. The number of viable offspring ultimately defines the overall
fitness of the animal. Fitness implies the ability of the animal to succeed by passing on
its genetic material to propagate the next generations (Boggs, 2009).
The acquisition of nutritional resources and their allocation to the physiological
maintenance of an animal are integral for the persistence of life history traits.
Physiological requirements need to be fulfilled simultaneously and prioritizing the
allocation of resources is fundamental to survival. Resource allocation strategies are
challenged under limited nutritional conditions and organisms have evolved flexible
mechanisms in order to survive (Ng'oma, Perinchery, & King, 2017). A population will
adapt toward a phenotype that will best fit the environment.
Decreased availability of nutrition will force physiological choices to occur (Orr,
2005). These “choices” exist in the form of trade-offs between allocation of nutritional
resources either to somatic growth and maintenance or to reproduction. All organisms
1

face a fundamental challenge with the trade-offs between allocation of resources. Life
history traits are in constant competition when nutritional resources are scarce. The
ability to survive and still produce sufficient progeny is a constant dilemma faced by
many species in nature. They will either adapt and succeed, or perish.
My work involved a population of Drosophila melanogaster that were caught in
the wild, and then selected for starvation resistance in the laboratory. These flies have
some evolved phenotypes that have allowed them to survive under the stress of
starvation and successfully reproduce. In the following chapters, I will introduce some
key characteristics of these insects. I will also discuss the features of laboratory
research that pertain to my work, and other scientists. I will report on my discoveries
about this laboratory selected population of fruit flies, including adaptations in
reproductive strategies that have emerged in conjunction with a starvation resistant trait.
Holometabolous Insects
Holometabolous insects are defined by their lifecycle, which includes the egg or
embryo, the larval stages, a pupal stage and the adult. Moreover, their development
includes the complete remodeling of the larval anatomy into the adult through
metamorphosis during the pupal stage. All stages in the holometabolous lifecycle are
interconnected, in that the acquisition and allocation of resources during one stage
influences the future development and life history traits of the subsequent stages. The
egg is generally laid by the female in a food source for the future larvae. Embryogenesis
occurs within the egg shell and is fueled by resources acquired from maternal sources
during development of the egg. Once embryogenesis is complete, it is followed by the
larval stages, or instars. Larval life is predominantly for feeding and growth. The goal is
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to accumulate enough stored nutrients that will provide the necessary energy for
metamorphosis during the pupal stage, when the insect does not feed. Larval fat stores
also fulfill energy requirements for oogenesis and maintenance of the early adult fly
(Chapman, 2013).
Pupal life of the insect is marked by drastic changes. Pupae are enveloped in a
protective case and are immobile, yet much energy expenditure and development is
occurring. The larval and adult insects do not resemble each other due to a complete
metamorphosis from larval anatomy to the adult, which happens during the pupal stage.
This is the longest of the pre-adult stages in Drosophila melanogaster and adequate
resources are required for the transformation to the adult stage. For the most part, the
adult insect is completely developed when it emerges from the pupal case. The sole
goal of the adult is to reproduce. Reproduction is influenced by the availability of
nutritional resources, mating and other environmental factors. Environmental stressors
experienced during the adult stage may impact reproduction, and therefore, the future
progeny. In the wild, stress on insects is inherently difficult to study due to the changing
environments in nature, but laboratory research excels at recreating natural
environments in a controlled setting. The insect model presents many well-conserved
life history traits that make it optimal for study.
Laboratory Selection
In nature, an animal’s adaptations to change causes the evolution of beneficial
traits that prevail through natural selection. Traits that will contribute to the success of
future generations will inevitably be favored. This, in turn, supports an animal’s fitness.
In the laboratory, we can use artificial selection to investigate the way a species adapts
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and evolves. Different scenarios can be created that will mimic the effects of the
stressors that cause adaptations to occur in nature and allow the researcher to observe
them in a controlled environment (Experimental Evolution
Concepts, Methods, and Applications of Selection Experiments, 2009; Rose, 2001).
Drosophila melanogaster is a preferred model organism for laboratory research
purposes because it is relatively inexpensive to maintain, it has a rapid lifecycle, it has
similarity to mammalian physiology and homology to the human genome. This model
system has allowed researchers to determine the outcomes of repeated generations of
laboratory selection pressures. When physiological adaptations to a stressor occur, it
points to a potential evolutionary process for the selection of new traits. Some
examples of laboratory selection are studies done to investigate the effects of
environmental stressors on life history traits. For instance, researchers have studied
the effects of Drosophila larval feeding rates on adult fecundity and lifespan, by
restricting or changing larval diets (Foley & Luckinbill, 2001). Furthermore, there have
been numerous studies to investigate the effect of larval developmental rate on aging,
prolonged senescence and adult body weight (Bergland, Genissel, Nuzhdin, & Tatar,
2008; Chippindale, Alipaz, Chen, & Rose, 2004; Rose, 2001).
Decreased food availability and starvation conditions are a common challenge in
nature that have profound effects on organisms. In the laboratory, the effects of
starvation and the evolution of a starvation-resistant trait are well-studied. Some
phenotypes that have resulted from laboratory starvation-selection include increased
survival under starvation conditions, decreased metabolism and feeding, increased
sleep behavior and decreased fecundity (Ballard, Melvin, & Simpson, 2008; Chippindale
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et al., 1998; Chippindale, Terence, & Rose, 1996; Gibbs & Reynolds, 2012; Harshman,
Hoffmann, & Clark, 1999; Masek et al., 2014).
The fly populations that I studied have undergone over 120 generations of
starvation-selection in the Gibbs Lab. These flies were originally wild-caught and then
divided into two selection populations with three reproductively isolated replicate
populations in each selection. I will describe this process in detail in the next chapter.
The starvation-selected flies exhibit multiple evolved traits that have been discovered by
researchers in the Gibbs Lab and their collaborators. Some traits are similar to those
that I previously described from the literature. The Gibbs starvation-selected flies are
notable for longer developmental time, increased starvation-resistance, decreased
activity, increased lipid accumulation and decreased fecundity (Aguila, Hoshizaki, &
Gibbs, 2013; Bond, Hoshizaki, & Gibbs, 2010; Hardy et al., 2015; Reynolds, 2013).
The evolved traits of our flies represent the genetic changes that have occurred
over generations of starvation-selection. Genetic heterogeneity between the individuals
in the selected populations gives rise to stronger traits that will shape the overall
changes in the population. Phenotypic plasticity can also result from exposure to
unique and changing environments. Different phenotypes can be exhibited by an
individual without changing its genotype. Although phenotypic plasticity is observed by
changes in behavior, physiology and morphology which are controlled through gene
expression, it does not indicate a change in the genome (Cridge, Harrop, Lovegrove,
Remnant, & Dearden, 2017; Kaitala, 1991).
Considering some of the phenotypes that have been discovered in the starvationselected flies, I wanted to investigate the starvation-resistant trait as it related to the
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decreased fecundity, or egg laying capacity, of these females. Discovering a
relationship between the physiological adaptation of decreased fecundity and the
allocation of resources in starvation resistant females was the focus of my research.
Survival of a species is the most critical function of reproduction. At the center of
survival and reproduction, are the allocation of resources and how an organism
determines what proportions are allocated to which biological functions. The Y model of
strategies linking changes in resource allocation and availability is widely viewed as a
place to start to understand what occurs during times of environmental stress (Van
Noordwijk & De Jong, 1986). Individuals in a population could respond in one of two
ways when variability of resources arises: They can proportionally preserve relatively
similar allocations to each trait, or a trade-off occurs in allocation of resources between
one trait versus another. In this manner, one trait may prevail at the expense of
another. Regardless, when there is a change in resource availability, a shift in
allocation strategies selecting for a more flexible program of resource allocation, will
allow the animal to adapt under different stressful conditions (Burger, Hwangbo, CorbyHarris, & Promislow, 2007; Ng'oma et al., 2017).
The Y model has been utilized as a tool to explain how organisms utilize
resources under changing conditions. Correlations between life history traits are not
always negative (King, Roff, & Fairbairn, 2011). A negative correlation between traits
occurs if there is limited resource acquisition, leading to decreased allocation to one trait
over another. If there are adequate resources in the energy pool, then a positive
relationship may exist between competing traits, wherein they both receive sufficient
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allocation (King et al., 2011). However, a fluctuation in resource acquisition sets up
trade-offs in the allocation strategy of the organism.
In the insect world, there are many examples of life history trade-offs. Gryllus
firmus, the sand cricket, is considered a model to study wing dimorphism. Sand crickets
are noted to have two types of wing morphology. This adaptation is due to direct tradeoffs between reproductive capacity and flight capability (Harrison, 1980; Roff, 1986;
Anthony J. Zera & Brink, 2000). Females have either long wings (LW) or short wings
(SW). The LW have large dorsolongitudinal muscles that are necessary for flight, and
also require a significant energetic input for their development and maintenance. The
LW also are noted to have significantly lower egg production in comparison to the SW.
Here, there exists a trade-off in allocation of energy toward flight over reproduction
(Crnokrak & Roff, 1998; A. J. Zera & Denno, 1997). The SW have underdeveloped
dorsolongitudinal muscles and are flightless. Moreover, the SW have greater lifetime
fecundity and start reproducing at an earlier age than the LW. This trade-off reflects
allocation of energy toward reproduction over flight ( Zera & Zhao, 2006; Zera & Brink,
2000).
Another example of trade-offs in resource allocation is in insects from a genus
known as Gerridae, or waterstriders. Reproduction and lifespan vary with the
availability of food. During times of food scarcity, females reduce reproduction in order
to increase their longevity. This allows for allocation of resources to survival and future
reproductive potential (Kaitala, 1991). Some species of Gerridae have two different
long winged morphs. Some long-winged females fly before the reproductive period
begins, then histolyse their wing muscles. In this manner, they can breakdown their
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own tissue and use it for energy. This allows for energy allocation for reproduction that
would have supported flight activity and muscle maintenance. The other long-winged
morph maintains its flight muscles throughout life and has decreased fecundity in
comparison to the other morph (Vepsäläinen & Patama, 1983). Similar to our
starvation-selected flies, these insects have adapted a mechanism that promotes the
utilization of resources toward survival and conservation of resources toward
reproduction (Kaitala, 1991; Kaitala & Hulden, 1990). These examples of phenotypic
plasticity in insects underscore the importance of the ability to adapt to changing
environmental conditions during an animal’s lifetime. Flexibility in allocation of
resources is influential in the traits that are expressed. In some instances, these traits
are selected for and heritable. Our starvation-selected flies are a good example of
evolved phenotypes that are transgenerational.
The Evolution of Starvation Resistance Traits and Their Effect on Reproduction
Availability of resources is variable in nature. Animals must adapt to these
fluctuating conditions in order to survive. During times of nutritional abundance, the
metabolic demands of an animal are equally met through the intake and utilization of
energy. This equilibrium is upset when there is a lack of food. Food deprivation
imposes a profound stress on animals and is a natural selector for traits that favor
survival (McCue, 2010). Adaptations to such harsh conditions as starvation, are
necessary for the preservation of a species.
Starvation resistance can evolve by three different routes: accumulation of
resources, conserving resources through reduced utilization and building a tolerance to
starvation (Aggarwal, 2014; Gibbs & Reynolds, 2012; Rion & J Kawecki, 2007;
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Schwasinger-Schmidt, Kachman, & Harshman, 2012). Starvation-selection studies
have repeatedly shown that longevity and fecundity have an inverse relationship.
These traits are exhibited in our flies, namely the increased survival time under
starvation and decreased fecundity. This is characteristic of a trade-off in energy
allocation between survival and reproduction. These traits are influenced across the
lifecycle of the fly (Chippindale et al., 1996; Gibbs & Reynolds, 2012; Leroi, Kim, &
Rose, 1994).
The larval feeding stage is known to be increased in starvation-resistant flies.
This longer developmental time allows for greater accumulation of energy stores. The
energy accumulated during the larval feeding stage will provide resources for
metamorphosis in pupal life, nourish the early adult fly during the non-feeding period
and provide energy for reproduction. This demonstrates the strong connections
between life stages that exist in order for adaptive evolution to occur (Aguila et al.,
2013; Aguila, Suszko, Gibbs, & Hoshizaki, 2007; Gibbs & Reynolds, 2012).
The metabolic requirements of an animal are met by the ingestion of food, or
nutritional resources. Metabolism is the process by which the biomolecules obtained
from these resources are converted into usable energy for the physiological
maintenance of the animal. These biomolecules are in the form of amino acids, fatty
acids and sugars, which are used to synthesize proteins, lipids and glycogen for energy
storage and consumption. Energy is used depending on biological requirements over a
period of time, which is the metabolic rate. Resources are utilized almost immediately
in some instances, but are also stored for future use. The accumulation of resources
equates to stored energy that an animal can use in times of starvation. Efficiency of
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allocation, utilization and storage of biomolecules all contribute to the somatic growth,
maintenance, longevity and reproductive success of the animal.
Starvation resistance in individuals increases incrementally over time through the
storage of lipids and glycogen. Lipids provide the most bioavailable energy of any
biomolecule and are preferred for storage and future use in animals. Under starvation
conditions, the endogenous provision of these molecules is necessary for somatic
growth, maintenance and reproduction. In separate laboratory studies of Drosophila
melanogaster and Drosophila simulans, flies that were selected for starvation
resistance, exhibited increased longevity under starvation conditions compared to
controls. Similarly, these studies each showed a positive correlation between starvation
resistance and increased lipid storage (Ballard et al., 2008; Marron, Markow, Kain, &
Gibbs, 2003; Parkash & Aggarwal, 2012).
The fat body is the organ in the fly and other insects that stores fats in the form of
lipid droplets. It can also store proteins and sugars (Arrese & Soulages, 2010). The fat
body is a multifaceted organ that is analogous to vertebrate liver and adipose tissue. Its
physiological control is complex, but primarily through hormonal and nutritional signals.
The fat body plays a role in the regulation of reproduction, energy storage and
metabolism, innate immunity and detoxification (Arrese & Soulages, 2010; Buchon,
Silverman, & Cherry, 2014)
A trade-off in the allocation of resources between survival and reproduction is
paramount to the evolution of the starvation tolerant trait. Tolerance to starvation is
fundamental to preserving and extending life. Tolerance is gradually developed by the
parsimonious utilization of resources. Females under starvation conditions store more
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lipids than males and utilize those resources at a slower rate. Females with greater lipid
content also have increased lifespan compared to males (Aggarwal, 2014; Lee & Jang,
2014). The females’ adaptive response to store more lipids may be due to the heavy
metabolic demands of reproduction on the females. Increased lipid content, coupled
with increased longevity, can set up the females for a longer reproductive lifespan once
food becomes more plentiful. Lipid storage and a slower utilization of stored lipids,
strengthens starvation tolerance.
The Gibbs Lab starvation-selected females have three times the normal amount
of lipids compared to controls (Reynolds, 2013). Therefore, it would be reasonable to
expect that the fat body plays an integral role in the fitness of these females. The
increased amount of fat body in the S-flies is evident through body composition assays,
moreover, it is easy to see through the microscope when dissecting them. Their
increased body size creates somewhat of a paradox in the insect world, since they lay
fewer eggs. It is generally known that larger females usually lay more eggs (Berger,
Walters, & Gotthard, 2008). Several examples are discussed below.
In nature, when environmental conditions such as temperature, nutrition and egg
laying substrates are favorable, the resources that a female converts to egg production
should determine reproductive capacity. Hence, larger females with more resources will
produce more eggs than smaller females (Ellers & Jervis, 2003; Thorne, Pexton,
Dytham, & Mayhew, 2006). More eggs laid will increase the potential progeny, allowing
greater fitness in large females (Boggs, 1986). Variability in the natural environment
impacts egg production and under suboptimal conditions, females may hold their eggs.
This may change the relationship between body size and fecundity.
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In the laboratory, environmental conditions can be controlled and the relationship
between body size and fecundity can be more accurately assessed. Laboratory studies
on insects have shown that increased female body size equates to increased egg laying
capacity (Honek, 1993). Pararge aegeria is a common butterfly in Europe.
Researchers studying this butterfly have shown that the larger females have more
resources to invest in egg production and have higher fecundity. They looked at
variation in temperature as a stressor on the rate of egg maturation and egg laying.
Although females may hold their eggs in restrictive temperatures, it was determined that
larger females will still produce more eggs. These females had greater egg laying
potential when temperatures returned to optimal (Berger et al., 2008; Boggs, 1986).
In the predatory stinkbug, Podisus maculiventris, larger females have greater
cumulative egg production. These experiments also showed that there was a negative
correlation between body size and the age of first egg lay, where the larger females laid
eggs at a younger age. There was a positive correlation between egg laying rate and
body size (Evans, 1982). Increasing the amount of resources that a female stores
makes it possible for eggs to mature at a faster rate (Carroll & Quiring 1993). The
capacity to store eggs and the egg maturation rate are interdependent. These factors
are important in determining size-dependent differences in egg laying capacity (Ellers &
Jervis, 2003). Egg production requires significant resources and the allocation of
resources to eggs will deplete energy for other physiology, which will lead to decreased
female survival (Jervis, Boggs, & Ferns, 2005; Papaj, 2000).
Another method to conserve energy is through decreased movement, which
translates into decreased energy requirement and expenditure. Less energy
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requirement means a decreased metabolic rate as an adaptation to the environmental
stress of nutrient scarcity. Starvation resistant fly populations are more sedentary and
therefore, conserve energy (Aggarwal, 2014; Hardy et al., 2015; Masek et al., 2014).
Instead of using more energy to forage for food, starvation resistant flies feed less,
sleep more and store more energy as fat. This conservative trait allows for the allocation
of resources to other physiological functions such as reproduction (Masek et al., 2014).
Other studies in insects have shown that food deprivation suppresses sleep and that
lack of sleep induces food seeking behavior. In this case, less availability of food will
cause an animal to expend more energy to look for food instead of conserving energy
by sleeping. Increased foraging for food would further stimulate the need for more
energy (McDonald & Keene, 2010). These are two opposing examples of the
physiological response to starvation, but both result in the same conclusion: there must
be trade-offs between allocation of resources for these behaviors, as an animal cannot
store energy and forage for food simultaneously. Physiologic decisions to provide
energy toward one function versus another are ongoing in times of nutrient deprivation.
These trade-offs are necessary for the animal’s survival.
An intricate balance exists between resource allocation for survival and
reproduction. These life history traits are not mutually exclusive. They must co-exist;
for reproduction does not take place without viable animals and viability requires
nutritional resources and continued reproduction to propagate a species.
The utilization of resources for egg production, or oogenesis, is the hallmark of
reproduction in insects and other organisms. For over 50 years, biologists have known
that females transfer a copious amount of molecular resources into each egg. This high
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energy demand places particular stress on the female and makes oogenesis an
interesting topic of study. It becomes more interesting when restrictive conditions are
imposed on oogenesis, such as repeated generations of laboratory starvation-selection.
To achieve a life preserving balance with the utilization of energy for reproduction, the
challenge is dependent on the lipid stores. Energy provided by the lipids in the adult fat
body is the primary fuel for the most demanding stages of oogenesis. The calculated
storage of fats during the fly lifecycle sets up the female to be capable of sustaining her
own life, while continuing to produce viable progeny. In essence, this balance between
storage and utilization of lipids maintains the fitness of these flies.
Part Two: Ovarian Development and Oogenesis in the Lifecycle of Drosophila
melanogaster
The development of the reproductive system in Drosophila melanogaster begins
during embryogenesis and continues until the end of pupal life. The female
reproductive system is comprised of the ovaries, the oviducts, the accessory glands, the
paired spermatheca and seminal receptacle to store sperm, and the uterus. I will not
describe the development of all the anatomy, but will limit details throughout my
dissertation to the development of the ovaries.
The Adult Insect Ovary
The ovary is a highly conserved anatomical structure among insects where the
entire developmental process of making the egg, or oogenesis, begins. One ovary is
located on each side of the abdomen, either lateral to or above the gut. In most female
insects, the ovaries consist of tube-like structures called ovarioles, where the oocytes
develop.
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Depending on the insect species, there can be great variability in the number of
ovarioles in each ovary. In some insects, their body size is contributory to the number
of ovarioles. In the Aedes punctor mosquito, the number of total ovarioles varies
between 30 and 175 as the insect’s size increases. Large grasshoppers have more
than 100 ovarioles, while smaller grasshoppers generally have only four in each ovary.
Irrespective of their size, most Lepidoptera, or butterflies and moths, have four ovarioles
in each ovary. Cockroaches have eight in each ovary regardless of size (Chapman,
2013).
In Drosophila melanogaster, the number of ovarioles per ovary ranges from 18 to
23, but in Hawaiian Drosophila species ovarioles can range from 2 to 88 (Ashburner &
Novitski, 1976; King, 1970; Sarikaya et al., 2019; Spradling, 1993; Wayne & Mackay,
1998). I will focus on oogenesis in Drosophila melanogaster.
The ovarioles are assembly lines continually producing the cells that develop into
the mature oocyte. The site where cellular production begins is in the most anterior tip
of each ovariole, which is called the germarium. The germarium has three distinct
regions. Region one is the location of the stem cell niche where the germline stem cells
reside and where oogenesis begins. Region two is divided into 2a and 2b, where the
somatic follicle stem cells are housed. These two types of stem cells are the source of
progeny cells that form a structure, called an egg chamber (King, Aggarwal, &
Aggarwal, 1968; Margolis & Spradling, 1995). In region three of the germarium, the first
egg chambers are fully formed and bud off into the next part of the ovariole, called the
vitellarium. In the vitellarium, the egg chambers continue their development during their
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posterior passage down the ovariole to where it ends at the oviduct (Demerec, 1994;
King, 1970)
At any given time in the adult female’s life, the ovarioles will contain developing
egg chambers in all stages of oogenesis. The number of ovarioles in each ovary is
directly correlated to the female’s peak egg laying capacity (Ashburner & Novitski, 1976;
Ehrman, 1971; Green & Extavour, 2012; Kambysellis & Heed, 1971). For this reason,
determining the number of ovarioles in the ovaries of the starvation-selected flies could
point toward an adaptation in these females that relates to their decreased egg laying
capacity. Fewer egg production lines would lead to fewer eggs produced.
Oogenesis: The Development of the Oocyte
The ovariole production lines are incessant and oogenesis continues throughout
the life of the adult. Oogenesis is comprised of 14 stages that are sub-divided into three
major developmental phases, which are defined as pre-vitellogenesis, vitellogenesis
and post-vitellogenesis. Each stage requires varying amounts of time and energy for
oogenesis to progress. Completion of these developmental stages is required for the
oocyte to reach maturity. The earliest stages begin during pupal life when there is an
arrest in oogenesis, and then it resumes once the adult ecloses from the pupal case
(Ashburner & Novitski, 1976; Kambysellis & Heed, 1971; King, 1957).
The cellular progeny of the germline stem cells and somatic follicle stem cells in
the germarium of the ovariole are responsible for the supply of progeny cells that
develop into mature eggs. Generally, there are two germline stem cells per germarium.
The asymmetric division of a germline stem cell produces one stem cell that will remain
in the stem cell niche, and a daughter cell, or cystoblast, that will go through four mitotic
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divisions producing a 16 cell cyst. These clonally related cells are comprised of 15
germ cells called nurse cells and one oocyte. The 15 nurse cells ultimately will provide
most of the cellular organelles, maternal RNAs and proteins that are necessary for the
oocyte to mature (King, 1957; Margolis & Spradling, 1995).
All of the 16 cells remain connected to each other due to incomplete cytokinesis.
The cellular bridges that form between the cells are called ring canals and serve as
conduits between the nurse cells and the oocyte in order to distribute molecular
components throughout development. These components include, but may not be
limited to, RNAs, ribonucleoproteins, ribosomes, cellular organelles and various other
proteins that help build the developing oocyte (Ashburner & Novitski, 1976; Demerec,
1994; Kambysellis & Heed, 1971)
The somatic follicle cells participate in the development of the oocyte throughout
oogenesis. Their contribution to the egg chamber begins in the germarium of the
ovariole and ends with the secretion of the egg shell at the posterior of the ovariole.
Once the 16-cell cyst passes through region 2a, it is encased by somatic follicle cells in
region 2b of the germarium. This completes the formation of the first pre-vitellogenic
egg chamber. The first egg chambers bud off in region 3 of the germarium and
continue development in the vitellarium of the ovariole (Ashburner & Novitski, 1976;
Kambysellis & Heed, 1971; King, 1957)
Once the adult ecloses, there are roughly three to six egg chambers in each
ovariole. These pre-vitellogenic egg chambers resume development, after pupal arrest,
through provision of energy stores transferred from larval fat cells. This is to
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compensate for a non-feeding period in the early adult (Butterworth, Bodenstein, &
King, 1965; King et al., 1968)
During pre-vitellogenesis, the egg chambers are round and the oocyte is not
distinguishable. The oocyte and 15 nurse cells grow at similar rates for the first seven
stages. The larger nurse cells become distinguishable from the oocyte due to
endoreplication (Lilly & Spradling, 1996). This is the process of synthesizing large
polyploid nuclei which have multiple copies of the genome. This genetic material
supports the synthesis of the biomaterials that will eventually be transferred to the
oocyte. Endoreplication in the nurse cells occurs until the end of pre-vitellogenesis
(Kambysellis & Heed, 1971; Lee, Davidson, & Duronio, 2009; Lilly & Spradling, 1996) .
Stage seven marks the end of pre-vitellogenesis. The egg chamber passes
through a developmental check point at stage eight, which appears to detect any
conditions that are not optimal for continued growth. This surveillance takes into
account any stress that may impact further development, such as nutritional deficit, lack
of mating or cellular defects (McCall, 2004; Terashima, Takaki, Sakurai, & Bownes,
2005).
As the young adult matures, the adult fat body is the primary source of nutritional
resources that fuels the production of the egg. The most energy intensive stage of
oogenesis is vitellogenesis. Vitellogenesis begins at stage eight and ends at stage ten.
The hallmark of vitellogenesis is yolk protein uptake by the oocyte (Ashburner &
Novitski, 1976; Schonbaum, Perrino, & Mahowald, 2000). The yolk proteins, or
vitellogenins, are primarily produced in the fat body and also in the follicle cells of the
ovary. Their production is under hormonal control by juvenile hormone and ecdysone.

18

Yolk proteins are a reservoir of vital nutrients and the precursors for macromolecules
that will be synthesized during embryogenesis (Bownes, 1989). They get transported to
the ovary through the hemolymph, which is the blood of the fly, and taken up by the
oocyte through endocytosis. The vitellogenins synthesized by the ovarian follicular cells
get secreted toward the oocyte membrane (Mahowald, 1972; Soller, Bownes, & Kubli,
1999). The vitellogenins begin to be synthesized almost immediately after the adult
ecloses and trace quantities have been detected in flies that are nine hours old
(Ashburner & Novitski, 1976).
During the vitellogenic stages, the oocyte doubles in size every two hours (King,
1970). This amazing amount of growth requires a substantial amount of energy input
from the female. A large amount of lipids are taken up by the egg chambers during
these stages. Stage ten egg chambers are known to have a six-fold increase in
triglyceride levels (Sieber & Spradling, 2015; Spradling, 1993). Less than one day is
spent in vitellogenesis, but by the end of this stage, the oocyte fills half the egg
chamber. Another notable event that begins during stage 9 is the secretion of vesicles
that will comprise the vitelline membrane. Columnar follicle cells and border cells
secrete the components of the membrane that will become a part of the egg shell, or
chorion. The vitelline membrane separates the oocyte from the chorion (Duhart,
Parsons, & Raftery, 2017)
Post-vitellogenesis is the final stage of oogenesis beginning with stage 11.
Stage 11 is the shortest stage in oogenesis and lasts less than 30 minutes. However, it
has dramatic effects on the oocyte. This period of time is known as nurse cell dumping,
and that is precisely what happens. All of the products of biosynthesis and
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accumulation by the nurse cells are transferred into the oocyte through the ring canals.
The oocyte has reached its mature size by stage 12. This occurs at the expense
of the nurse cells, and their programmed cell death ensues. The nurse cell nuclei are
condensed and fragmented, which is characteristic of apoptotic cells. Their remainder
are pushed apically and eventually engulfed by follicle cells. No remnants of the nurse
cells remain after stage 13 (Foley & Cooley, 1998; McCall, 2004).
The follicle cells secrete the chorion, forming the egg shell covering, which only
takes five hours to complete. Development of the dorsal appendages follows. The
dorsal appendages of the egg chamber are thought to serve as respiratory organs for
the egg once it is laid (Hinton, 1981). Once the egg shell is fully formed, oogenesis is
complete and the mature oocyte passes out of the ovariole and into the oviducts on its
way to the uterus.
Developmental Checkpoints in Oogenesis
Programmed cell death during oogenesis has been observed for more than 40
years (Giorgi & Deri, 1976). Apoptosis occurs in every developing egg chamber. Stage
11 is when the contents of the nurse cells are transferred into the oocyte. Then, the
nurse cels undergo apoptosis. They are then phagocytized by the remaining follicle
cells. Apoptosis can also take place early in egg chamber development. Two
developmental checkpoints exist at distinct stages of oogenesis. The purpose of
checkpoints is to survey for suboptimal conditions that are not conducive to the
progression of oogenesis. This may be due to cellular defects or lack of sufficient
nutrients (Buszczak & Cooley, 2000; Terashima et al., 2005).
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The first checkpoint is in region 2 within the germarium of the ovariole. This is
the point in oogenesis when early germline cysts will be surrounded by somatic follicle
cells and form the first egg chamber. Studies have shown that up to 70% of flies reared
on a nutrient poor diet exhibited dying germline cysts at this check point, in comparison
to 2% of flies reared on a nutrient rich diet (Drummond-Barbosa & Spradling, 2001).
Inadequate nutrition at this developmental point, causes the somatic follicle cells to slow
their rates of division significantly more than germline cells. Because there is a change
in the proportions of somatic cells and germline cells, large numbers of germline cells
compensate by dying (Drummond-Barbosa & Spradling, 2001; Smith, Cummings, &
Cronmiller, 2002).
The second developmental checkpoint is at stage seven, marking the end of previtellogenesis. This surveillance determines whether conditions are favorable for the
egg chamber to progress to vitellogenesis. If not, oogenesis will be arrested and some
egg chambers will go through apoptosis. Factors that favor apoptosis may include
abnormal development, exposure to toxic substances and lack of mating. In particular,
inadequate nutrition is one of the strongest indicators for egg chamber death during
mid-oogenesis. This spares the heavy investment of resources required for
vitellogenesis and allocates them for somatic maintenance (Chao & Nagoshi, 1999;
McCall, 2004)
Studies have shown that even acute starvation has effects on oogenesis. The
germline stem cells are directly affected by short term nutrient deprivation, which
causes a starvation effect that is mediated through insulin signaling from the follicle
cells. This results in the formation of processing bodies (P bodies) and cortically
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enriched microtubules in the cytoplasm of the nurse cells. The starvation effect is
reversed upon re-feeding (Burn et al., 2015; Drummond-Barbosa & Spradling, 2001).
The formation of P bodies in immature egg chambers is a protective response during
starvation conditions. Maternal mRNAs that are destined for the oocyte during late
stages of oogenesis reside within ribonucleoprotein complexes (RNPs). This allows for
repression of their translation until they reach the oocyte (LaFever & DrummondBarbosa, 2005; Lasko, 2012). The aggregates of P bodies maintain the mRNAs for
further egg chamber development once nutritional homeostasis returns. This process
helps maintain the fecundity of the female. However, not all egg chambers will be
spared through this process and many will undergo apoptosis in order to conserve
resources for vitellogenesis (Shimada, Burn, Niwa, & Cooley, 2011).
The developmental checkpoints during oogenesis are examples of trade-offs in
resource allocation between reproduction and survival. The purpose of the mature
oocyte is to pass on its genetic contents to the next generation of progeny. How
Drosophila females conserve scarce resources during oogenesis emphasizes the
importance of the survival of the individual fly, and the species in general.
The Pre-Adult Ovary in Drosophila melanogaster
The morphology of an organ is reflective of its physiological function. The cells
that make up an organ shape the structure that will support the physiology. The
embryonic ovary consists of a ball of primordial germ cells surrounded by a layer of
somatic gonadal precursor cells. These cells will eventually differentiate into the two
cell types in the ovary, somatic cells and germ cells. (Demerec, 1994; King, 1970;
Spradling, 1993). Differentiation and proliferation of cells is the fundamental component
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of organ development. The numbers of cells that acquire a specific fate are an
important aspect of development, as are the numbers of those specified cells that
proliferate to form a tissue. Organization of clusters of distinct types of cells into a
regular pattern is required. This process is not trivial, as the precision of the numbers of
cells that form a structure, such as the ovary, is crucial to its correct development
(Green, Sarikaya, & Extavour, 2011; Panchal et al., 2017; Sahut-Barnola, Godt, Laski, &
Couderc, 1995).
Regulatory networks control the genetic expression that determines cell fates
and cell numbers. Inputs to the regulation of cell numbers can be through cell-cell
communication or signaling cascades. These can be through cell autonomous or nonautonomous control of the cell cycle. For the purposes of this dissertation, I will focus
on cell fate and cell numbers during ovarian development.
The organization of the cells that form the functional adult ovaries begins during
the larval stages. There are three larval stages in the fruit fly called instars. The ovary
in the first larval instar is not much more developed than the embryonic ovary, as it
contains only 8-12 primordial germ cells (King et al., 1968). During the second larval
instar, some of the somatic cells that will form the adult ovary begin to differentiate into
terminal filament cells (Godt & Laski, 1995; King, 1970). The terminal filament cells are
responsible for the morphological changes that ultimately shape the ovary.
The number of terminal filaments is equal to the number of ovarioles in an ovary.
(Godt & Laski, 1995; Sahut-Barnola, Dastugue, & Couderc, 1996; Sarikaya et al., 2019).
Seven to ten terminal filament cells will form stacks during late third larval instar. The
stacks of terminal filament cells become the terminal filaments. The total number of
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terminal filaments in an ovary is directly related to the number of terminal filament cells
that form them. Each terminal filament is a precursor to an ovariole and is attached to
the germarium at the anterior tip of the ovariole (Panchal et al., 2017; Sahut-Barnola et
al., 1995).
The formation of the terminal filaments provokes migration of other somatic cell
types in the anterior of the late third larval instar ovary. The apical somatic cells secrete
a basement membrane called the tunica propria. This membrane covers each terminal
filament. As the apical cells continue to move posteriorly down each terminal filament,
the tunica propria begins to separate them into ovarioles. Clusters of germline cells are
organized posterior to the field of terminal filaments and some of them become
entrapped by the advancing tunica propria. This compartmentalizes some of the
germline cells, which will eventually form the stem cells within the niche at the anterior
tip of each ovariole (Godt & Laski, 1995; King, 1970; Sahut-Barnola et al., 1996).
After the larval stages, there is a larval to pupal (L/P) transition. During this
transition, there are approximately 12 hours called the pre-pupal stage. By the onset of
the pre-pupal stage, the terminal filaments are completely formed. The number of
terminal filaments at the pre-pupal stage is equal to the number of ovarioles that are in
the adult ovary. (Godt & Laski, 1995; Hodin & Riddiford, 2000; Sarikaya et al., 2012).
Primordial germ cells in the larval and pre-pupal ovaries are easily recognizable
by their round shape and spatial arrangement posterior to the field of terminal filaments.
Some of the primordial germ cells will acquire the germline stem cell fate during the L/P
transition (Asaoka & Lin, 2004; Bhat & Schedl, 1997). The somatic cells that are
intimately connected to the germline stem cells reside in the stem cell niche.
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The relationship between the niche cells that is formed during late larval and
early pupal life is crucial to ovarian function throughout adult life. This unit of cells will
potentiate germline stem cells that reside in the niche and provide the necessary
progeny cells, coupled with somatic follicle cells, to perpetuate oogenesis. The number
of germline stem cells and the number of divisions that each stem cell undergoes are
two critical parameters required for oogenesis that are regulated by the niche. This
determines the number of eggs that a female can produce (Green et al., 2011; King,
1957; Zhao, Xuan, Li, & Xi, 2008). Environmental factors, such as the availability of
nutrition, also impact the number of germline cells, which in turn relates to the number
of eggs that are produced.
Part Three: Regulatory Pathways in Metabolism, Ovarian Development and
Oogenesis
The regulation of an organism’s physiology is a coordinated and complex system
of intertwined pathways. The integration of these pathways directs organismal
development, growth, reproduction and aging. Some of these pathways involve
endocrine, or hormonal inputs, and peptide signaling cascades. Organisms use a
combination of regulatory pathways as a common mechanism to direct the biochemical
and physiological functions that maintain homeostasis. This is achieved through a
delicate balance of intracellular feedback mechanisms in concert with sequentially
interacting hormones. I will provide a cursory look at some of the molecular physiology
that relates to the data that I will discuss in the next chapters.
Communication between organs that are affected by hormones is part of
regulatory pathways. A prime example of this are the fat body and the ovaries in
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Drosophila melanogaster. Together, they orchestrate control over physiological
functions that manifest through the interplay of the internal and external environment.
In Drosophila melanogaster, hormonal activity involved in reproductive and
metabolic development is interconnected. A few key hormones are known to function in
both: Juvenile Hormone (JH), 20 hydroxyecdysone (20E) and the insulin/insulin-like
signaling pathway (IIS). Nutritional cues influence these pathways, which integrate the
response to fluctuations in resource availability and resource allocation (Bond et al.,
2010; Green & Extavour, 2014; Ikeya, Galic, Belawat, Nairz, & Hafen, 2002; Mendes &
Mirth, 2016; Sieber & Spradling, 2015). These fluctuations in nutritional status can
result in changes to nutrient storage and utilization, ovarian development and
oogenesis.
The insulin/insulin-like signaling pathway is conserved across metazoans. It is
controlled by the influx of nutrients and plays a role in metabolism and storage of lipids
and carbohydrates, tissue growth and development and longevity. When nutritional
resources are abundant, anabolic processes are stimulated. This promotes tissue
growth and the accumulation of stored energy in the form of fats and sugars. When
there is decreased availability of resources, this stored energy is mobilized for use.
In Drosophila, the insulin-like peptides (dILPs) are mainly produced in the insulin
producing cells (IPCs) in the central nervous system. To date, there are known to be
eight dILPs. These peptides can function as neurotransmitters, hormones or growth
factors. The dILPs bind to the insulin receptor (InR). Every tissue regulated by dILPs
must express insulin receptors (Brogiolo et al., 2001; Teleman, 2010).
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Fluctuating resource availability upregulates or downregulates the insulin
signaling pathway and can have affects throughout the fly lifecycle. A rich supply of
nutrients leads to growth and development during the larval stages and supports
reproduction in the adult (Colombani, Andersen, & Leopold, 2012; Garelli, Gontijo,
Fernandez, Caparros, & Dominguez, 2012; Teleman, 2010; Wu & Brown, 2006).
Decreased insulin signaling causes decreased production of the numbers of cells and
the size of cells during development (Böhni et al., 1999; Chen, Jack, & Garofalo, 1996).
Furthermore, it has been shown that a decrease in specific cell types, such as the
somatic gonadal precursors during embryogenesis, can impact ovarian development
during larval life. This leads to a decreased number of ovarioles in the adult ovary (
Green & Extavour, 2012).
Reduced insulin signaling due to decreased feeding during the third larval stage,
resulted in fewer ovarioles and decreased egg production in the adult (Tu & Tatar,
2003). A direct effect on oogenesis due to decreased nutritional inputs and IIS was
shown through reduced proliferation of germline stem cells and somatic stem cells in
the ovary. Limited nutrient availability during adulthood down regulates insulin signaling
and causes a shift in resource allocation, which has a direct impact on a female’s egg
production capabilities (Burn et al., 2015; Drummond-Barbosa & Spradling, 2001).
In keeping with the concept of an intricate interplay of signaling molecules, the
insulin pathway cannot work on its own. The lipophilic hormones,
20 hydroxyecdysone and juvenile hormone assist in the regulation of metabolism and
reproductive physiology. Their communication with the insulin signaling pathway is
fundamental for energy storage and utilization, ovarian development and oogenesis.
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Juvenile hormone is produced by the corpora allata (CA), which is a pair of
neuroendocrine glands. The dILPs can directly and indirectly affect this organ. The
insulin receptor (InR) is expressed in the corpora allata, which allows for direct action on
this tissue. Indirectly, the dILPs can modulate the production of JH through up or down
regulation of insulin signaling (Gruntenko & Rauschenbach, 2018)
Another developmental regulator working in tandem with juvenile hormone is the
most bioactive active form of the steroid ecdysone, 20-hydroxyecdysone (20E). This
hormone is at the helm of directing developmental timing and body size during the larval
and pupal stages. It is a key player in oogenesis in the adult. The prothoracic gland
(PG) portion of the ring gland produces ecdysone in the immature insect. Ecdysone
production and secretion is stimulated by prothoracicotropic hormone (PTTH), a
neurohormone which is produced in the brain and secreted from the corpora allata, the
site of JH production. Ecdysone is secreted into the hemolymph and then metabolized
into 20E in peripheral tissues such as the fat body and ovaries. The PG degenerates
during the pupal to adult metamorphosis. In adult females, 20E is produced in the
follicle cells in the developing egg chambers (Dai & Gilbert, 1991; Delbecque, Weidner,
& Hoffmann, 1990; Lehmann, 2018).
The storage of whole body lipids in the fat body and the stage specific uptake of
lipids by the oocyte is regulated via signaling through the ecdysone receptor. This
regulation of metabolism allows the female to accumulate lipids and be able to supply
the oocyte with the necessary energy requirements for development (Sieber &
Spradling, 2015; Zera, Harshman, & Williams, 2007). Between stages 8 and 10 of
oogenesis, lipids and yolk proteins are taken up by the oocyte and are stored for the
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biosynthesis of resources needed during embryogenesis. 20E is necessary for the
progression of oogenesis at these stages (Buszczak et al., 1999).
During times of adequate nutrition, the concentration of 20E in the ovary is in a
steady state. Starvation conditions cause decisions to be made whether to continue
with egg chamber development, or initiate apoptosis. Resource allocation to oogenesis
will take away energy for survival. Studies have shown that during starvation conditions
titers of 20E rise and apoptosis of stage eight and nine egg chambers increase (Soller
et al., 1999; Terashima et al., 2005; Uryu, Ameku, & Niwa, 2015). These effects of 20E
are seen in the second developmental checkpoint during oogenesis, which proceeds
vitellogenesis.
The regulation of vitellogenesis is influenced by ecdysone and juvenile hormone.
There are two critical components of vitellogenesis: The synthesis of yolk proteins and
the uptake of yolk proteins. Juvenile hormone and ecdysone both contribute to this
process (Bownes, Ronaldson, Mauchline, & Martinez, 1993). The synthesis of yolk
proteins in the fat body is regulated by ecdysone. This was first shown in experiments
with females that had low levels of yolk proteins. Injections of 20E into the abdomen of
the females caused increased levels of yolk proteins (Jowett & Postlethwait, 1980). The
yolk proteins are sequestered by the oocyte and stored in yolk granules for future use
by the embryo. Sequestering yolk proteins by the oocyte requires juvenile hormone.
Yolk uptake allows oogenesis to proceed in order for the oocyte to reach maturity. The
synergy that exists between these hormones is fundamental to the proper development
of the oocyte.
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The interactions of some of the pathways regulating metabolism, ovarian
development and oogenesis in Drosophila are quite sophisticated. The examples cited
only begin to give some insight into the complexities of Drosophila physiology and how
they may have contributed to the phenotypes that have evolved in the starvationselected flies.
Research Questions and Investigations into the Starvation-selected Flies
I was particularly interested in the connections between increased starvation
resistance, and decreased fecundity. We know that there must be a trade-off in
resource allocation that exists in order to maintain this population of starvation-selected
flies. However, the ways that this trade-off may have affected the reproductive
physiology of these females remained to be uncovered. Investigation into the
differences in the reproductive physiology of the starvation-selected females, would give
more insight into the effects of starvation-selection and the adaptive evolution that has
occurred.
Lauren Reynolds’ data from the Gibbs Lab showed that generation 41 S-females
lived longer under starvation conditions and had decreased fecundity. First, I wanted to
see if these phenotypes held true over multiple generations of laboratory selection. I
tested the starvation resistance and fecundity of generation 93 flies. If the phenotypes
were consistent, then I wanted to know how the decreased fecundity may have
occurred. What aspects of the female physiology had changed? To answer that
question, I first looked at the adult ovary. The ovariole is the production line for
oogenesis, therefore, I wanted to determine if there were fewer ovarioles in the Sfemale ovaries that led to decreased egg production.
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If I found fewer ovarioles in the adult starvation-selected females, I wanted to try
to determine where in development that change may have occurred. Did it occur in the
larval ovary, or perhaps in a later stage? If there were any changes in the pre-adult
ovaries, I wanted to know how the cellular development may have changed during
those stages of the lifecycle. Were there fewer cells and structures that formed the
ovaries, leading to fewer ovarioles? If so, that would lead to decreased fecundity.
To follow up on my fecundity experiment, I wanted to look at a larger population
of females to see if the decreased fecundity in the S-flies held true for different ages of
females. Similarly, using female age as a parameter, I wanted to determine whether
there were any significant differences in the numbers of egg chambers in each stage of
oogenesis between the starvation-selected population and controls. A significant
difference in the numbers of egg chambers produced in different stages of oogenesis,
and/or different female ages, could point toward developmental differences that led to
decreased fecundity.
In the next chapters, I will report on my investigations into the reproductive
differences between the populations of flies and how they have affected the fecundity of
the starvation-selected females.
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Chapter Two
The Effect of Multiple Generations of Starvation-Selection on Survival, Fecundity
and Ovariole Number in Drosophila melanogaster Females
Introduction
Nutrition is a critical component to the growth and survival of all living organisms.
A constant supply of resources is necessary in order to survive and reproduce.
Maintaining the balance between the energy to survive and to reproduce becomes a
challenge in times of environmental stress. Scarcity of resources may decrease an
animal’s fitness. During such times, the decreased availability of nutrition can cause an
organism to shift the balance between survival and reproduction to adapt to the stress.
The innate drive to survive, or to resist starvation, promotes an adaptive response that
may be in the form of increased storage of nutrients, conservation of resources or an
increased tolerance to starvation (Schwasinger-Schmidt et al., 2012).
Animal populations in nature undergo fluctuations in nutrient availability during
their lifetimes. Individuals within populations must adjust the allocation of resources in
order to fulfill their physiological needs. There is a trade-off in resource allocation based
on priority of needs in order to survive. Some traits may prevail at the expense of
others. This physiological plasticity draws the line between life and death. The
allocation of too many resources toward reproduction could decrease survival and vice
versa. Internal biological switches respond to stressors and balance survival with
reproduction. These switches may involve various mechanisms, such as signaling
cascades with proteins, hormones or neurotransmitters.
Over the course of generations, if low availability of resources persists for a
population, natural selection will favor survival traits, causing a shift in the genetic
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variation within the population. Changes in allele frequencies may be large or small, but
persistence of the allele frequencies supports the maintenance of optimal survival
status. Adaptation to limited resources requires trade-offs between life history traits.
One major trade-off for individual fitness is between reproduction and survival.
Nutrient availability is at the center of development, growth, reproduction and
lifespan. During times of limited food supply or starvation, there will be a change in the
physiological allocation of the energy provided by the nutrient derived biomolecules.
How these resources are allocated impacts survival for individuals and for populations.
Beneficial genetic variation for starvation resistance might occur in genes regulating
feeding behavior, metabolism, development and gametogenesis. All of these factors
contribute to the overall requirement, utilization and storage of energy (Orr, 2005; Rion
& Kawecki, 2007).
Certainly, populations in the wild undergo periods of environmental stress due to
lack of food availability. The ability to survive starvation depends on the response of the
organism. Starvation resistance can be accomplished by conserving resources
through decreased energy expenditure, increased storage of macronutrients and
decreased feeding behavior (Aggarwal, 2014; Harshman & Schmid, 1998; Marron et al.,
2003). In order to survive starvation as an adult, there must be sufficient energy stores
available. In Drosophila, the energy stores that persist in adulthood are accumulated
during the larval stages. Researchers have shown that beginning in the second larval
instar, starvation-selection extended the development time of the larvae. In the third
larval instar, there was increased consumption of food, with an associated increase in
body size. In the adults, the abundant energy stores obtained from larval feeding were
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conserved through a decrease in metabolic rate, an increase in sleep, and the absence
of an increase in feeding behavior (Brown et al., 2019). The adaptations acquired in the
larvae through starvation-selection reflect some of the mechanisms that have developed
the starvation resistant trait in the adult. These adaptations may also be reflected in the
trade-off in energy between survival and reproduction in the starvation-selected
females.
Decreased fecundity is one of the phenotypes that resulted from generations of
starvation-selection in the Gibbs lab. Lauren Reynolds’ research discovered a decrease
in fecundity in the starvation-selected populations. The starvation-selected flies have
undoubtedly adapted to multiple generations of selection pressure that is exhibited in
their prevailing phenotypes. For females, the expensive biological costs of egg
production could overwhelm the animal’s ability for somatic maintenance and, on the
other hand, too much investment in the soma could diminish resources for reproduction.
The focus of my research has been to investigate the developmental basis for
decreased fecundity. First, I had to evaluate the relationship between starvationresistance, fecundity and the trade-offs that exist in individuals.
To understand the reduced fecundity trait, I had to consider the possible
anatomic and physiologic changes that may have occurred during oogenesis in these
flies. To do so, I decided to take a closer look at the ovaries. Specifically, I chose to
examine their anatomy in order to uncover any structural differences between
starvation-selected and control females that may impact reproductive capacity. Such
differences may directly indicate an underlying cause for reduced production of mature
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eggs. Alternatively, my data may suggest no difference in capacity, and thus point to a
role for physiological processes that impact the maturation of eggs.
The dipteran ovary consists of multiple tube-like cellular structures called
ovarioles. The number of ovarioles within each ovary is a crucial determinant for egg
production capacity (King, 1970; Sahut-Barnola et al., 1995; Sarikaya et al., 2012;
Spradling, 1993). Ovarioles are the site for oogenesis and are a primary determinant of
peak fecundity. These functional units are responsible for housing the developing egg
chambers from their inception in the stem cell niche, to the time the mature egg enters
the oviducts to travel to the uterus. The number of ovarioles per ovary varies between
Drosophila species, but wild-type Drosophila melanogaster are reported to have
between 18 and 23 ovarioles per ovary (Ashburner & Novitski, 1976; King, 1970;
Spradling, 1993). Because each ovariole contributes to overall egg laying capacity,
fewer ovarioles leads to fewer eggs produced. The balance between the number of
production lines and the rate of production is a factor affecting fecundity. This chapter
investigates the number of ovarioles, the production lines. Investigation into ovariole
number in the ovaries of starvation-selected flies is key to uncovering some of the
factors contributing to the decreased fecundity in these females.
Materials and Methods
Laboratory Selection Process for Starvation-selected and Fed Control Flies
Laboratory selection to create starvation resistant fruit flies began with a wild
caught population of approximately 400 female files in Terhune, New Jersey in 1998
(Reynolds, 2013). All the subsequent generations used for these experiments
described here are descendants of the wild caught population. Flies were divided into
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two treatment groups; starvation-selected and controls. Each treatment group was
divided into three reproductively isolated replicate populations. These six populations
were housed separately and are designated A, B, and C. Starvation-selected and
control flies were raised simultaneously every generation. The selection for each
generation began with four day old flies from the previous generation. They were
provided with Petri dishes of plain agar as a water source until approximately 80 to 90%
of the population had died (Fig. 1). The control treatment group was fed ad libitum
throughout the selection period. After the end of the starvation period, the survivors of
each group were used as founders for the next generation of that treatment group.
Every generation of starvation-selected (S) and fed control (F) flies were treated as
described above. During each selection process, a subset of flies that were not used
for selection were set aside for experiments and were designated G1 of that generation.
The G1 flies were fed ad libitum, and allowed to breed freely. Their offspring, the G2
generation, were used for experiments. I used the G2 generation in order to remove
any potential maternal effects from the selection period. Progeny (G3) from the G2
generation were used for experiments using larval or pre-pupal tissues.
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Figure 1. Selection Process for Treatment Populations. Each treatment population is divided into three reproductively isolated
replicate populations and maintained in separate 5L Plexiglas cages throughout the selection process. The selection process lasts
approximately 14 days. Control flies are fed ad libitum, with new food dishes put in cages every two days. The starvation-selected
flies are “fed” plain agar as a water source and starved until approximately 85% of the population has died. The survivors are
transferred to new food and allowed to recover for 3 to 4 days. Then, yeast paste is applied to the food and eggs are collected from
both populations. The blue arrows represent that the selection process is continually repeated from one generation to the next.
Modified from Masek et al, 2014.

Fly Rearing and Media
The Gibbs Laboratory fly food recipe is based from a Bloomington Stock Center
recipe (www.fly.bio.indiana.edu/Fly_Work/media-recipes/bloomfood.htm). The basic
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recipe makes 2.2L of food, using 1.2L of boiling water and 1.0L of cold water. It is
composed of 93.8g of cornmeal, (Genesee Scientific, Cat. # 62-102) 52.5g of Red Star
dry yeast, 150g of sucrose, 33.8g of agar (Apex Drosophila Agar Type II, Cat. # 66104), 12ml of propionic acid (J.T. Baker, Cat. # 79-09-4) and 1.5g of tegosept (Apex,
Cat. # 20-258) dissolved in 20ml of ethyl alcohol USP (AAPER). Food mixture was
poured into 60x15mm Petri plates (Genesse Scientific Cat. #32-103) and allowed to
solidify.
Starvation was imposed upon the G1 generation for a 14 day period. Then, the
flies were allowed to recover with standard diet for three to four days, before collecting
eggs. In order to provide a vertical surface for the flies to lay eggs on, a one centimeter
section of food was cut out around the entire outer edge of the plate. Then, egg laying
was stimulated by applying approximately ¼ teaspoon of yeast paste on food plates.
Yeast paste was made from approximately ¼ cup of Red Star dry yeast and addition of
warm purified water, mixed to a consistency of peanut butter. Laid eggs were collected
after 24 hours by cutting out approximately 5-10 millimeter squares of food from around
the edges of the Petri plate. Approximately 100-150 eggs were put into fresh food
bottles and flies were reared to adulthood at room temperature (approximately 25° C).
Once the G2 flies eclosed, they were put into fresh food bottles and both
populations were fed ad libitum throughout the experimental process. Flies were
transferred into new bottles of food every two to three days throughout the experimental
time period.
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Fecundity and Starvation Resistance in Fed Controls and Starvation-selected
Females
Flies were raised to adulthood as described for the laboratory selection process
at 25° C and then fed a diet of standard Gibbs Laboratory food. Egg collections from
the Generation 80 (G80), G1 flies were done over a three day period, in order to have
enough four day old females. Generation 80 G2, four day old well-fed and mated
females were selected at random from each replicate population of flies, from the fed
controls (F flies) and starvation-selected (S flies). There were eight females from each
replicate for a total of twenty-four females in each selection population.
Fly “condos” are made of 24 Plexiglas tubes with a roof made of mesh screen in
order to allow air to enter and a removable floor that contains wells that fit the tubes.
The wells can hold food or other substances that may be used for experiments. Each
female was put in one tube of a Genesee Scientific fly “condo” (Cat. #59-110) with two,
four day old males, which were randomly selected from the same replicate populations.
The bottom of the condos contained grape agar prepared according to the vendor’s
instructions (Genesee Scientific, Cat. #47-102). I used grape agar for ease of visualizing
and counting the laid eggs, with a tiny amount of yeast paste as a food source, which
was applied with a pipette tip. Yeast paste was prepared as described above.
The females were allowed to mate and lay eggs for twenty-four hours. At the
end of the twenty-four hour period, eggs laid by each female were viewed and counted
using a Nikon stereomicroscope. The males were euthanized and each female was put
in a vial without food, which contained agar as a water source. Vials were monitored
every twenty-four hours, starting from the time that the female was first put in the vial
without food. This determined the number of days that each female lived on starvation
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conditions. Some females died during the 24 hour egg laying period, which changed
the sample size for the starvation assay. For the F- flies, n=19 and for the S-flies n= 23.
Statistical Analysis
For each replicate population, A, B and C, in each treatment group, the number
of eggs laid per female were recorded and totaled using Excel on Microsoft. Statistica
7.0 software was used to compare the replicate populations within the fed control and
starvation-selected treatments using a nested ANOVA. Selection was treated as a fixed
effect, and replicates (A, B, C) as a random effect nested within selection. When
replicates did not differ from each other, they were pooled, and the selected and control
treatments were compared using Anova. Prism GraphPad 7.0c software was used to
create the graphs.
Ovariole Numbers in Fed Controls and Starvation-selected Females
Generation 91, G2 flies were raised to adulthood at 25° C and maintained on
standard Gibbs Laboratory food, described above. A sample size of five, four day old
females from each replicate, from the fed control and starvation-selected populations
were used, for a total of 15 ovaries per treatment population.
Females were selected at random from each replicate population. Females were
anesthetized with COdelivered through a porous polyethylene surface, or fly pad
(Genesee Flystuff Cat. #59-114). Anesthetized females were kept in wells of glass
dissection plates in 1XPBS Na2HPO 10mM (Sigma-Aldrich Chemicals, Cat. # S-0751),
KH2PO4 2mM (Fisher Biotech, Cat. # BP 362-1), NaCl- 137mM (Sigma-Aldrich, Cat. #
S-9625), KCl 2.7mM (Sigma-Aldrich, Cat. # P-5405) and kept on ice during dissections.
Ovaries were dissected from females that were placed on slides in a drop of 1XPBS,
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while viewed with a Nikon stereomicroscope. Ovaries that were broken during
dissection or handling were discarded. In order to obtain a final sample size of fifteen
intact ovaries for each selection treatment, at least twenty females for each replicate
were dissected. After dissection, ovaries were transferred by pipette into a 1.5ml
Eppendorf tube with 1XPBS and kept on ice until fixation.
Ovaries were fixed with ultrapure EM grade 16% formaldehyde, (Polysciences,
Cat. # 18814-20), which was mixed with 1XPBS to obtain 4% formaldehyde. The tissue
was incubated in fixative for 20 minutes on a Boekel Scientific Orbitron Rotator II with
gentle agitation at room temperature. Fixative was drawn off the ovaries, and they were
rinsed with 0.1% PBT Triton X-100 0.1% (Sigma-Aldrich Chemical, Cat. # T-8787) in
1XPBS x 10 minutes, then washed with 0.3% PBT for thirty minutes for a total of three
washes. All washing solutions were removed by pipetting. To stain nuclei and prepare
for mounting, 0.5ml of Vectashield with DAPI, (Vector Laboratories, Cat. # H-1200), was
put into each 1.5ml tube of ovaries. Tubes of ovaries were incubated on the rotator with
gentle agitation in a 4º refrigerator overnight. Ovaries were removed by pipetting and
placed into wells of glass dissection plates for visualization under a stereomicroscope.
Intact ovaries were selected for mounting on glass microslides (VWR 25mm x 75mm x
1mm). One intact ovary was placed on each slide, and then teased apart with tungsten
dissecting needles, in order to be able to count ovarioles. Ovaries were covered with
22mm x 22mm coverslips and the edges of coverslips were secured with clear nail
polish.
Ovariole counting was done on a Nikon 90i Fluorescence microscope with a 10x
objective, numerical aperture (N.A.) 0.5. Slides were systematically examined from field
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by field, moving across from right to left, then left to right and back to front. Because
each ovariole begins with a germarium, the number of germaria was used as a proxy for
the number of ovarioles in each ovary. Germaria were distinguished by the appearance
of nuclei visualized by 405 fluorescence from DAPI and their distinct morphology
visualized by Differential Interference Contrast bright field, which is distinct from the
other egg chambers. Egg chambers were counted twice for each ovary to ensure
accuracy of counting. The count was repeated a third and fourth time if there was any
discrepancy.
Statistical Analysis
For each replicate population, A, B and C, in each treatment group, the number
of ovarioles per ovary were recorded and totaled using Excel on Microsoft. Statistica
7.0 software was used to compare the replicate populations within the fed control and
starvation-selected treatments using a nested ANOVA. Selection was treated as a fixed
effect, and replicates (A, B, C) as a random effect nested within selection. When
replicates did not differ from each other, they were pooled, and the selected and control
treatments were compared using a t-test.
Results
Starvation Resistance and 24 Hour Fecundity in Starvation-selected and Fed
Control Female Flies
The goal of this experiment was to compare the populations with respect to the
numbers of eggs that each individual female could lay in a 24 hour period, and to
determine how long each female could live without food. The same females were used
to collect both data sets.
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At the end of the 24 hour egg laying period, eggs laid by individual females were
counted. The number of days survived without food were counted by visually inspecting
the females every 24 hours. Then, I used a two-tailed, unpaired t-test to analyze the
data. The maximum number of eggs laid during a 24 hour period by the fed control
females was 81 and for the starvation-selected females was 58. The mean number of
eggs laid by the F-females was 41 and the mean for the S-females was 24. This
analysis showed a significant difference of the mean numbers of eggs laid in a 24 hour
period between the selection populations, with a p-value of 0.0001, which favored the
hypothesis that a larger number of eggs would be laid by the control females. These
data collected from individual females were consistent with the population data from
previous work in the Gibbs Lab.
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Figure 2.

Figure 2. Fecundity of Four Day Old Females in 24 hours. Eight females from each of the six replicate populations in the two
treatment populations were selected at random. One female and two males were isolated in a fly condo and allowed to mate for 24
hours. After 24 hours, the flies were removed and the eggs counted. The difference between the sample sizes was because some
of the females did not survive. There was a statistically significant difference between the mean of eggs laid in the treatment
populations, reflected by a p-value of 0.0001. This favored the hypothesis that control flies would lay more eggs than the starvationselected flies.
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Figure 3.

Figure 3. Number of Days Survived Without Food. After the 24 hour fecundity experiment, the males were euthanized and each
female was removed from the fly condo and isolated in a vial without food, containing plain agar as a water source. Vials were
monitored daily and dead flies counted. Differences in sample sizes (n) was due to some flies dying during the egg laying period or
during transfer of the flies. There was a significant difference between the two populations in the number of days survived without
food. The data reflects a p-value of 0.0001, which favors the hypothesis of increased starvation resistance by the S-flies with a
mean days survived of 7.13 versus a mean of 2.47 days survived by the F-flies.
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The S-flies lived longer without food than the fed controls, with the female living
the longest for 11 days. The longest living F-fly on starvation conditions was 4 days.
Mean survival time was 7.5 days for the S-flies and 2.3 days for the F-flies. This was a
significant difference between the numbers of days survived under starvation with a pvalue of 0.0001.
When I compared fecundity and starvation survival for individual females, I found
a negative correlation. This negative correlation between the survival time under
starvation conditions and the number of eggs laid held true for both selection
treatments.
Ovarioles per Ovary in Starvation-selected and Fed Controls
Based on the conclusion that there is decreased fecundity in individual flies, I
wished to investigate whether this was related to the anatomy of the fly. As described in
the methods, I determined the number of ovarioles per ovary in each population.
Statistica 7.0 software was used to perform a nested ANOVA analysis to
compare the numbers of ovarioles between the replicate populations within the
starvation-selected treatment group and the control group. The selection populations
were treated as fixed variables and the replicates nested within the selections as
random variables. This analysis revealed that there were no significant differences in
ovariole numbers between the replicates within the fed control or the starvation-selected
populations. This was demonstrated by a p-value of 0.85. Therefore, the two selection
treatments were then compared to each other using a t-test. The fed controls had a
mean of 19 ovarioles and the starvation-selected had a mean of 16. This significant
difference was reflected in a p-value of 0.002 (Figure 5).
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Figure 4.

Figure 4a. Mean Ovarioles in Each Replicate Population. Mean number of ovarioles in each replicate population within each
treatment population were compared to each other. This was done using a nested ANOVA, with replicates nested in selection.
There was no significant difference in the number of ovarioles between the replicates in the treatment populations. 4b. Fed fly
germarium and egg chambers. 4c. Starvation-selected fly germarium and egg chambers. Ovaries were stained with DAPI in order
to visualize the nuclei. Each image shows a germarium at the top of the image followed by developing egg chambers. The number
of germaria were used as a proxy for the number of ovarioles in each ovary. A Nikon 90i epifluorescence microscope with a 10X
objective was used for imaging. Scale bars are 100 μm.
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Figure 5.

Figure 5. Mean Number of Ovarioles per Ovary. Replicates in the treatment populations were combined and the mean number of
ovarioles in each treatment population were compared. There was a significant difference in the mean number of ovarioles with a pvalue of 0.00292. The F-flies had a mean of 19 ovarioles per ovary and the S-flies had a mean of 16 ovarioles per ovary.

Discussion
Multigenerational Starvation-Selection Effects on Survival and Fecundity: Tradeoffs, Outcomes and Potential Mechanisms in Drosophila and Other Insects
Previous research in the Gibbs Lab with the starvation-selected flies
demonstrated some distinct phenotypes that pointed me toward my initial starvation
resistance and fecundity experiments (Aguila et al., 2013; Aguila et al., 2007; Reynolds,
2013). Lauren Reynolds’ data showed that the starvation-selected females lived longer
under starvation conditions, stored more lipids and had a lifetime fecundity that was
significantly less than the controls. I wanted to determine whether the phenotypes that
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she observed in generation 47 still remained in generation 80 of starvation-selection.
These new data were a starting point for considerations for my future experiments. I
was interested to know if the phenotypes had changed in any way. I also wanted to
determine if I could correlate the population fecundity and starvation resistance data
with respect to the individual female. I hypothesized that the individual data would be
directly contributory and correlate with the population data. Because the population is a
collective of individuals, it was important to investigate and include individual
contributions to the whole. Participation in a common environment brings dynamic
changes within individuals that influence the population. This complementary
relationship defines how the cumulative effects on individuals can change the life history
traits of a population
I first wanted to confirm that in generation 80 starvation-selected flies, the tradeoff between starvation resistance and fecundity still existed. This was 33 generations of
laboratory selection after Lauren Reynolds’ data were collected. Indeed, my data
revealed that similar traits were exhibited in the starvation-selected flies. The results of
individual females were comparable with the previous population data, in that each
individual female lived longer under starvation conditions and laid fewer eggs than the
controls (Reynolds, 2013). In fact, the S-females lived more than three times longer on
average than the controls. Overall, I concluded that the life history of these females had
a distinct evolutionary change, which was defined, in part, by their resistance to
starvation and decreased reproductive capacity.
The accumulation and utilization of resources is directly linked to survival.
Conservation of resources is also of utmost importance for survival, especially under

57

conditions of limited resources. Under conditions of prolonged resource limitation, an
organism must adapt some level of tolerance to starvation (Schwasinger-Schmidt et al.,
2012). The S-flies have evolved adaptations for starvation tolerance through a strategy
of resource allocation trade-offs between survival and reproduction. These traits seem
to be selected for in order to ensure the preservation of the population.
How are the nutritional resources being allocated between somatic growth and
maintenance and reproduction? Studies on starvation-selected flies other than the
Gibbs Lab, have shown that when adult starvation-selected flies emerge, they are 80%
more starvation resistant than controls and that there is a positive linear relationship
between starvation tolerance and lipid accumulation (Chippindale et al., 1996;
Harshman & Schmid, 1998). Our starvation-selected females have three times the
amount of lipids than the control flies. Lipids are the richest energy source for growth,
maintenance, survival and reproduction. They are the primary source of fuel that is
consumed during starvation (Marron et al., 2003). The accumulation of lipids in the Sflies is an example of the trade-off in allocation of resources that has contributed to the
starvation tolerance of these flies.
Reproduction, and specifically oogenesis, requires a vast amount of energy
investment by the female. The stores of lipids that persist in the early adult from the larval
stages are required for oogenesis (Shimada et al., 2011; Xi, 2015). Given that there are
greater lipids accumulated in the larval stages that remain in the adult, it may seem
plausible that the S-flies would lay similar numbers of eggs as the controls. However, this
stored energy also provides a source of nutrition for the flies’ survival during times of
scarcity, or what may be preparation for those anticipated conditions. Physiological
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competition for limited resources sets up trade-offs. I have shown that it holds true that
these females are more starvation tolerant and are less fecund. These data reflect a
similar response to selection pressure in each individual female as it relates to the overall
population. Furthermore, it can be concluded that the trade-offs seen in the starvationselected populations in generation 41, hold true in generation 80.
The changes that were observed in the female starvation-selected flies reflected
decreased fecundity with starvation resistance. This raised questions as to how the
reproductive capacity had changed, whether anatomically, physiologically or both; and
when in development this may have occurred. We must keep in mind that although the
laboratory starvation-selection process has been maintained throughout generations of
flies, flies in these experiments were fed throughout their lifetime and during the
experimental process. The exception to this is during starvation assays. For the most
part, the flies are well fed, yet they still exhibit adaptations that have prevailed across
generations. Under acute starvation or repeated generations of starvation-selection,
Drosophila melanogaster demonstrates a starvation response that favors longevity
(Chippindale et al., 1998; Chippindale et al., 1996; Schwasinger-Schmidt et al., 2012).
This insect has an adaptive mode that drives it to survive. It seems that most animals
may have adaptations to nutritional stress that allow them to survive and similar
molecular mechanisms may evolve when repeatedly exposed to starvation conditions.
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Starvation Resistance, Ovarian Development and the Number of Ovarioles: What
Is the Impact on Fecundity?
The starvation-selected flies have proven to be fatter, longer lived and less
fecund than the fed controls. Their ability to maintain adequate fecundity in order for the
population to survive is biologically significant and begs the question as to how this is
possible. During times of limited resources the physiologic balance of nutrient allocation
is disturbed and all components of fitness are not maximized. Negative associations
between traits arise, such as the trade-off between survival and fecundity. Adaptations
across generations to long term starvation resistance in our flies are reflected in their
decreased fecundity and increased longevity under starvation conditions. It is evident
that the storage of lipids is a primary source of nutrition for multiple biological functions.
These obese females seem to hold the key to some of the survival mechanisms that
have evolved, accompanied with the utilization of trade-offs between fecundity and
survival as a means to deter their demise.
Fecundity is determined by some key factors including nutritional status in the
larvae and adults. The size of the ovary, and more specifically, the number of ovarioles
in the ovary is the anatomical component that vastly impacts the number of eggs that a
female can produce. The numbers of ovarioles are affected by environmental factors
such as temperature, the availability of food and larval development. The number of
ovarioles is the strongest determinant of the number of eggs that a female can lay (
Green, & Extavour, 2014; Sarikaya et al., 2012; Wayne, Soundararajan, & Harshman,
2006). My data showed that the S-flies laid fewer eggs. Therefore, I wanted to see if
there was any change in the number of ovarioles in the adult ovaries between the two
populations. Having this information would start to lead me toward discovery of the
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developmental path that these flies may have taken and the changes in the phenotypes
that have prevailed.
.Discussion
As stated by much of the scientific literature, the number of ovarioles in an ovary
is a significant determinant of the egg laying capacity of the female fruit fly (Godt &
Laski, 1995; Green & Extavour, 2012; King, 1957; Sahut-Barnola et al., 1995; Sarikaya
et al., 2012; Sarikaya et al., 2019; Spradling, 1993; Wayne, Soundararajan, &
Harshman, 2006). My data reflect a significantly fewer number of ovarioles in the
starvation-selected females with a mean of 16 versus 19 in the controls. This closely
aligns with the decreased fecundity of these females. These data reveal one more
distinct phenotype of the starvation-selected females that correlates with decreased
fecundity, and provides us with more information about the trade-offs that exist. It may
be that fewer resources are allocated for ovarian development during the larval feeding
stage. This could be reflective of a trade-off in resource allocation that has evolved, not
a direct result of availability of resources, since the larvae are provided ample food
during experiments. The quantity and quality of pre-adult nutrition is directly linked to
the adult reproductive capacity (Bergland et al., 2008). Adaptive changes through
generations of starvation selection could alter the developmental program of the ovary.
That would influence ovariole number, which is decreased in the adult ovary of the
starvation-selected females.
Variation in ovariole number has been found in Drosophila melanogaster and
other Drosophila species with respect to gene expression, latitudinal clines, types of
diets, larval breeding conditions and temperature (Fitt, 1990; Kambysellis & Heed, 1971;
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Lobell, Kaspari, Serrano Negron, & Harbison, 2017; Sarikaya et al., 2019; Wayne &
Mackay, 1998). Interestingly, there have been other studies investigating the effect of
starvation selection on ovariole number and fecundity (Carlson & Harshman, 1999;
Carlson, Nusbaum, Rose, & Harshman, 1998; Wayne et al., 2006). These studies had
similar results to mine with respect to starvation-selected flies surviving longer under
nutrient deprivation. In contrast, they reported that females subjected to starvationselection had increased numbers of ovarioles, which is contradictory to my findings.
The Wayne et al. data reported decreased early age fecundity, but that overall
fecundity did not differ from controls. This is similar to my data which showed
decreased fecundity in four day old S-flies. If there was no difference in overall
fecundity between treatment populations in the Wayne et al. study, this could imply that
the rate of egg production in their starvation-selected flies increased. Potentially, it
increased at a rate greater than the controls, since they had to “catch up” from
decreased fecundity at an early age.
A notable difference in their study was that they followed egg laying by females
for 26 days to conclude total fecundity, while my data looked at a 24 hour egg laying
period. However, Lauren Reynold’s data looked at the egg laying capacity of starvationselected females over the course of 24 days and her data indicated decreased fecundity
in both early age and lifetime compared to controls (Reynolds, 2013). Wayne et al.,
concluded that females selected for starvation resistance did live longer under
nutritional deprivation, but that they had increased numbers of ovarioles. They reported
that progeny of starvation-selected mothers also had an increase in ovarioles. These
data are directly opposite to my findings.
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Some differences existed between our laboratory selection methods and
experimental designs (Carlson et al., 1998; Harshman & Schmid, 1998). Their data
were compiled on flies from generation 32 through 40 of starvation-selection, while mine
was from generation 94 of selection. Our overall selection schemes were somewhat
different in that the starvation-selected flies were starved until 50% and 85% mortality,
theirs versus mine. In contrast, their control flies were starved for a period of 24hrs
before feeding them ad libitum, whereas my F-flies did not undergo any starvation. All
starvation-selected females in both of our studies were allowed a recovery period with
food and yeast before egg collections.
In my case, ovarioles were counted from progeny two generations off of selection
in order to reduce maternal effects. Wayne et al. counted ovarioles from females that
were on selection, which were designated as “zero generation”, and from progeny one
and two generations removed from starvation selection.
Another major difference between our studies was that half of the females in both
of their treatment populations were subjected to short-term starvation of 28 or 32 hours
before egg collections. Their data showed an increase in ovariole number in the
progeny of starvation-selected and control females that had undergone short-term
starvation. They also concluded that the decreased early age fecundity was not
correlated with ovariole number, since there were more ovarioles in their starved
females. These data do not align with my findings, and they are contrary to much of the
literature which positively correlates egg production capacity and the number of
ovarioles per ovary (Bergland et al., 2008; King, 1970; Sahut-Barnola et al., 1996;
Sarikaya et al., 2012; Sarikaya et al., 2019; Wayne & Mackay, 1998).
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When subjected to short-term, or acute starvation, females are known to arrest
oogenesis, causing some egg chambers to degenerate by apoptosis (Buszczak &
Cooley, 2000; Drummond-Barbosa & Spradling, 2001; McCall, 2004; Shimada et al.,
2011). The developmental checkpoints that exist in oogenesis are an exquisite
physiological example of how the females conserve resources to avoid energy
investment into eggs that won’t produce viable progeny, to provide energy for somatic
maintenance and to preserve some egg chambers that will reach maturity when
conditions improve. Wayne et al. exposed both of their treatment populations to shortterm starvation. This would have had a major impact on the progression of oogenesis
and the fecundity of those females.
During the acute starvation period, oogenesis would have been arrested and
some early egg chambers lost to apoptosis. After the 28 or 32 hour starvation period,
oogenesis would resume and the latest egg chambers would be the first to be laid.
Wayne et al. reported decreased early fecundity, but not decreased lifetime fecundity.
The acute starvation and apoptosis response through mechanisms of the
developmental checkpoint could explain the decreased early fecundity in those females.
,

My data revealed a statistically significant difference in the number of ovarioles

per ovary between the treatment populations. Given that the S-flies laid fewer eggs, it
was my hypothesis that they would have fewer ovarioles than the controls. This proved
to be true. The evolutionary change was surmised to be due to trade-offs in resource
allocation between survival and reproduction. Some adaptation to starvation-selection
influenced the allocation of resources toward survival. This resulted in less energy
toward the formation of ovarioles, which in turn resulted in decreased fecundity.
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Another example of this trade-off was the increased accumulation of lipids in the Sfemales. Somatic maintenance requires input from energy stores during starvation
conditions, otherwise the animal will not survive. This adaptation to store more lipids is
acquired through exposure to nutrient deprivation and correlates with the formation of
the starvation resistant trait (Schwasinger-Schmidt et al., 2012).
The data from Wayne et al. discussed above may also be exemplary of a tradeoff in resource allocation between survival and reproduction, because they report a
decline in early age fecundity with increased lifespan. Although their starvation females
lived longer than controls under nutrient deprivation, living 98 (+/- 10) hours versus 62
(+/- 15) hours for controls, and there was lower early age fecundity, there was no
difference in lifetime fecundity between the populations. Adding to the contradictions
with my data, the increase in ovariole number that Wayne et al report, does not seem to
correlate with a trade-off between survival and reproduction. There must have been
allocation of nutrients to develop these additional structures, but there was not a
decrease in survival under conditions of nutrient deprivation. Also, although there is
increased starvation resistance there was not decreased lifetime fecundity. When
trade-offs exist between life history traits, such as survival and reproduction, one trait
should prevail at the expense of the other. The Wayne et al. data seem to argue
against a trade-off in these life history traits. The generation zero females in their study
had more ovarioles, and they were subjected to multiple generations of starvation
selection, however for fewer generations than my flies.
The contrast in the outcomes presented here, may be related to the differences
in our selection strategies. Furthermore, some other trade-off in the allocation of
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resources that differs from my flies may exist. Different allocation architecture exists
depending on the life history trait that resources are allocated to. Environmental
stressors may impact each individual differently, which can shift the response in the
population (Boggs, 2009). I cannot determine a mechanism for the increased ovarioles
reported by these researchers, nor do they make any conclusions as to the
developmental basis for the change. The difference between the outcomes of
starvation resistance on ovariole number emphasizes one of the unique qualities that I
have discovered in the Gibbs starvation-selected flies.
Whether there was an increased or decreased number of ovarioles in starvationselected females, we can conclude that the maternal environment influences the
reproductive capacity of the progeny. The anatomical differences between the ovaries
in these populations raised questions about ovarian development. I was very curious
about any additional physiological alterations that may exist in the ovaries of our
starvation-selected females. My data are only from the ovaries of four day old females.
I wondered if my results would persist if I looked at the ovaries in adult females of
varying ages. Another question that arose was when in ovarian development the
change may have occurred. The development of the adult ovary starts in larval life. I
wanted to know if I could determine any changes in the pre-adult development of the
ovary. I will report on my findings in the next chapters.
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Chapter Three
The Contribution of Female Age to Fecundity and Oogenesis: An Assessment of
One Day Old to Seven Day Old Females
Introduction
When the adult fly emerges from its pupal case, the flies are relatively inactive
and do not feed for approximately the first eight hours until expansion of the wings and
tanning of the cuticle (Ashburner & Novitski, 1976; Chiang, 1963). The energy acquired
during the larval feeding stages is necessary to sustain the young adult fly. This is
accomplished by the programmed cell death of the larval fat cells. After the first 24
hours, most of the larval fat cells have undergone programmed cell death and by day
three, adult fat cells predominate. The adult ovary is fully formed and houses
developing egg chambers that have been arrested in the pre-vitellogenic stage during
pupal development. During the non-feeding period, ovarian uptake of larval lipids will
supply the eggs with necessary nutrition for continued development (Aguila et al., 2013;
Aguila et al., 2007; Chiang, 1963). .
Egg laying generally begins by day two in most well-mated and well-fed females.
During mating, the transfer of male sperm is also accompanied by pheromones and
proteins, including sex peptide. These factors affect female behavior with regard to
ovulation, remating and food preference. Sex peptide increases egg production, postcopulatory feeding and decreases sexual receptivity for five days (Barnes, Wigby,
Boone, Partridge, & Chapman, 2008; Billeter & Wolfner, 2018; Swanson, 2003). Once
egg laying begins, a healthy female continues to lay eggs until she reaches her peak,
then fecundity begins to decline. Peak egg laying capacity of females may be delayed
because of environmental stress or nutritional deficits.
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The intensive amount of energy required for oogenesis is reflected in the amount
of growth that occurs during the stages of oogenesis. These stages are representative
of the intricate processes that occur in order to produce one mature oocyte. In total,
there are 14 sequential stages of egg chamber development that result in a mature egg.
These 14 stages are categorized by morphological criteria into three major stages; previtellogenesis, vitellogenesis and post-vitellogenesis (Mahowald, 1972). Each egg
chamber moves progressively from anterior to posterior in the ovariole until a mature
oocyte is produced and is ready for fertilization in the uterus. The oocyte increases in
size 100,000 fold from the time it leaves the germarium in a stage two egg chamber and
when it completes stage 14. The time to pass through stages 2 to 14 takes
approximately 78 hours (Kambysellis & Heed, 1971; King, 1970; Milner, 1979).
However, the rate of development can have considerable variation due to factors such
as temperature, nutrient availability, age of the female, the abundance of mates and
genotype (Shimada et al., 2011).
Early oogenesis in the germarium of the ovariole is important for setting up the
cellular structure of the egg chamber. The germ cells and somatic cells that will build
the first egg chambers arise from stem cells that reside in the germarium. The first previtellogenic egg chambers separate from the germarium and pass into the vitellarium of
the ovariole, but this will not occur if conditions are not optimal. The first developmental
checkpoint in region two of the germarium ensures that there are not cellular defects
and that there are sufficient resources for the oocyte to mature. If these criteria are not
met, egg chambers will be eliminated through programmed cell death. The longest time
spent in oogenesis is during the pre-vitellogenic stages, however, this does not equate
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to the quantity of energy required to grow the oocyte to maturity (Ashburner & Novitski,
1976; King, 1957; Shimada et al., 2011). At the end of pre-vitellogenesis, another
developmental checkpoint exists in order to ensure that there are sufficient energetic
resources for oogenesis to proceed.
The vitellogenic stage is the most energy expensive period of oogenesis. The
burden it exerts on the female is an immense allocation of energy from somatic storage
to reproduction (Soller et al., 1999). The fat body and follicle cells of the ovary require
energy to produce the yolk proteins that will provide the oocyte with the necessary
biomolecules to sustain the embryo once the egg is laid. The uptake of yolk proteins
and lipids by the oocyte causes its size to increase enough to fill half of the egg
chamber (Schonbaum et al., 2000). The production and transport of the vitellogenins
and lipids will not occur if nutritional resources are inadequate. If that is the case,
vitellogenesis wil be delayed and the egg chambers will degenerate through apoptosis
(McCall, 2004; Sieber & Spradling, 2015).
At the end of vitellogenesis, the nurse cells dump their contents into the oocyte.
By the beginning of post-vitellogenesis the oocyte completely fills the egg chamber
(Guild, Connelly, Shaw, & Tilney, 1997). The follicle cells begin to secrete the first layers
of the egg shell during vitellogenesis, and the egg shell is completed during postvitellogenesis (Duhart et al., 2017). By the end of post-vitellogenesis, the oocyte is fully
encased in the layers of the egg shell, which will protect it during embryogenesis.
My studies described in Chapter 2 indicated that the S-flies laid significantly
fewer eggs and had significantly fewer ovarioles compared to the F-flies at four days of
age. Given that the S-flies laid significantly fewer eggs and had significantly fewer
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ovarioles. I wanted to perform a more in depth analysis of the population’s egg laying
capacity on a much larger scale. This included doubling the sample size to ten ovaries
per replicate population and broadening the range of the age of the females to include
one day old through seven day olds. I counted the numbers of egg chambers in each
developmental stage of oogenesis in every ovary. I also counted the germaria, which is
a proxy for the number of ovarioles, so that I would have a larger data set to compare
with my original ovariole results. These data on fecundity and the stages of oogenesis
may point toward a mechanism that relates to the decreased fecundity of the starvationselected females.
Materials and Methods
One Day Old to Seven Day Old Fecundity and Egg Chamber Staging
I measured fecundity and staged developing egg chambers for the first seven
days of adult life. Generation 110, G2 flies from both treatment populations were used
for both experiments. I performed the experiments simultaneously because it was
important to use females that were of the same age and generation. For each
reproductively isolated replicate population, approximately 600 flies were placed in a 5L
Plexiglas cage. Two food plates with yeast paste were placed in each cage. Food
plates were changed every 12 hours for the first two days, in order to acclimate the flies
to disturbances. On the third day, we continued to change food every 12 hours, but
collected eggs from the spent plates.
Egg Collections
In order to start a new population of flies, we must have enough progeny. These
progeny are from the eggs, which contain the embryos. The eggs are laid in the food,
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so there is a source of nutrition once the embryos develop to the larval feeding stage.
Small slices of food containing eggs were cut from the plates and put into six ounce
square bottom polypropylene bottles of fresh food (Genesee Scientific Cat. #32-131).
For the control flies, the slices of food were approximately 5mm and 10mm square for
the starvation-selected flies. Two to three slices were put into each bottle. Slices of
food were inspected under the microscope to ensure that there were not too many
eggs, in order to eliminate the possibility of overcrowding. Four bottles of food with
approximately 100 to 150 eggs in each bottle for each replicate were collected every 12
hours for seven days. Bottles were labeled with times and dates, for the purpose of
establishing the age of the females once they reached adulthood.
One Day Old to Seven Day Old Fecundity Experiment
Once flies started to eclose, all bottles were cleared and the time recorded to
calculate the age of the next females. Twelve females from each replicate that eclosed
within the following six hours were collected for the fecundity experiment.
Twenty-four hours after clearing the bottles, one day old flies were separated; from
these, one female and two males were put into each tube of a fly condo for a total of 12
females from each replicate. Grape agar was put into the bottom of the condos, to
provide a dark background for ease of viewing and counting the eggs. In order to
provide a food source and stimulate egg laying behavior, a tiny amount of yeast paste
was spotted on top of the agar using a pipette tip. A sample size of twelve (n=12)
females per replicate was used each day for seven days, for a total of 36 (n=36)
females per selection per day. At the end of each twenty-four hour period, the condo
bottoms with eggs were removed, fresh grape agar with yeast paste was replaced using
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a new bottom and one new female and two new males of the subsequent age were
transferred into the condos. On the same day, the eggs from the previous 24 hour
period were viewed and counted using a Nikon stereomicroscope. This process was
repeated for two day old through seven day old females.
Statistical Analysis
Microsoft Excel 2016 spreadsheets were used to organize the number of eggs
laid in a 24 hour period by each one-day old through seven day-old female. These data
were imported into Statistica 7.0 software to compare the number of eggs laid per
female, among the females of the same replicate, using a nested ANOVA. Each day
was analyzed, and the replicates were nested within selection as random effects. Tukey
Honestly Significant Difference (HSD) was used to perform pair-wise comparisons
between means from all replicates, in both populations, on each day. To graphically
display the data that was compiled in Statistica 7.0, I used Prism GraphPad 7.0c.
One Day Old to Seven Day Old Egg Chamber Staging Experiment
Generation 110, G2 females were used from both the control and starvationselected populations. Females were obtained in the same manner as described above
for the fecundity experiment. Ten ovaries were obtained for each replicate for a total of
thirty (n=30) ovaries in each selection treatment. The first dissection of females was
done twenty-four hours after bottles were cleared after the initial eclosion of adult flies.
Flies were allowed to age for each subsequent dissection for two day old through seven
day old females. At least thirty females per replicate population were dissected, in order
to obtain the necessary n=10 ovaries. One ovary per female was collected. Ovaries
were dissected on glass VWR 25x75x1mm microslides in 1XPBS (Chapter 2, Methods),
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with 0.5% bovine serum albumin (BSA) (Omnipure bovine serum albumin Fraction V,
EM Science, Cat. # 2930) to maintain tissue integrity. During dissections, all tissue was
kept on ice in wells of a glass dissecting plate in the same solution.
Ovaries were fixed within one hour of dissection with ultrapure EM grade 16%
formaldehyde (Chapter 2, Methods), which was mixed with 1xPBS to obtain 4%
formaldehyde. Ovaries were placed on a Boekel Scientific Orbitron Rotator II with gentle
agitation for 15 minutes at room temperature. Washes were performed with 0.1% PBT
(Chapter 2, Methods), for a total of three times for a minimum of thirty minutes each.
One microliter of 4,6-diamindino-2-phenylindole (DAPI) 1mg/μl was added to 1ml of 1X
PBS for a final wash of twenty minutes. Tissue was stored in 1.5ml Eppendorf tubes in
1XPBS at 4º C overnight. Ovaries were examined for damage with a Nikon
stereomicroscope and intact ovaries were mounted in Vectashield on VWR 25x75x1mm
frosted microslides. Only one ovary per slide was mounted. Ovaries were disrupted
with tungsten dissecting needles for ease of counting and staging egg chambers. Each
ovary was then covered with a 22x22mm coverslip and the edges sealed with nail
polish. The same protocol was repeated for two day old to seven day old females from
both populations.
Imaging
All imaging was performed on a Nikon 90i fluorescence microscope using a 10x
objective with a numerical aperture (NA) of 0.5. Each slide was tiled, moving from left to
right, then right to left and incrementally shifting from back to front. The tiling pattern
ensured that the entire ovary was examined to assign a number of egg chambers in
each stage of development. Each field was examined under bright field differential
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interference contrast and then 405nm fluorescence. The criteria described by King,
1970 and Mahowald and Kambysellis, 1980, were used to categorize each egg
chamber according to stage.
Statistical Analysis
Microsoft Excel 2016 was used to organize and import all data into Statistica 7.0.
The number of egg chambers for each stage of oogenesis was recorded separately for
each ovary on days one through seven. For each stage of oogenesis, the replicate
means for each treatment population were compared using a nested ANOVA
(Statistica 7.0), with replicates treated as random effects. Then, the selection
population means for each stage of oogenesis were compared using an ANOVA. A
post-hoc Tukey Honestly Significant Difference (HSD) test was used for pair-wise
comparison of means between the two treatments.
Results
Fecundity of One Day Old to Seven Day Old Starvation-Selected and Fed Controls
My initial survival and fecundity experiment, discussed in Chapter Two,
compared fed control and starvation-selected four day old females and the number of
eggs they laid in a 24 hour period. Those results showed that the starvation-selected
females had decreased fecundity, yet lived longer under starvation conditions. Based
on those data, I wanted to investigate the fecundity of females aged one to seven days
old in order to determine any differences in egg laying production over that timeframe.
If any interesting trends existed, they may become more obvious with a longer study. I
predicted that up to day four, the S-flies would lay fewer eggs and that their fecundity
over the course of seven days would be less than the F-flies. However, even if the total
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fecundity for seven days was lower in the S-flies, I was interested to see if the S-flies
would eventually “catch up” in production on any single day.
The peak egg laying capacity is reported in the literature to be in four day old
females (Curtsinger, 2015; King, 1957; Wayne & Mackay, 1998). I wanted to determine
if that held true in the treatment populations. The peak egg laying capacity is defined as
the maximum number of eggs that the female can produce on a given day, and even
though the daily egg production may fluctuate over the reproductive lifespan of the
female, it will never surpass peak capacity. Differences in peak capacity would point
toward differences in the rate of oogenesis between the treatment populations. This
larger study of one day old to seven day old females, reaped some similar results to my
previous study, however, there were some notable differences and interesting trends.
There was a stark difference between the treatment populations in the production
of eggs in one day old females. The F-flies laid a mean of 48 (+/- 2.4) eggs compared
to 11(+/- 1.9) eggs from the S-flies (Table 1). This was a 77% difference in eggs laid
between the treatment populations. After the initial day of egg laying, the S-flies
increased steadily in daily production to reach their peak on day six. The F-flies had a
decline in egg production on day three, then steadily increased to reach their peak on
day five (Figure 6).
The mean number of eggs laid in each treatment group, on each day,
consistently showed that the control flies laid significantly more eggs than the S-flies up
to day six, with p-values below 0.05 in one day old through five day old females (Table
1). However, on day six, the S-flies seem to “catch up”, as the mean number of eggs
laid was the same in both populations. On day seven of the females’ lives, the S-flies
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mean number of eggs laid surpassed the F-flies by a statistically significant amount
(p=0.012).
The peak egg laying capacity between the treatment populations differed by one
day. The peak egg laying capacity for the F-flies occurred in five day old females. The
mean eggs laid for the F-flies on day five was 72 (+/- 4.1 SEM) versus the S-flies with a
mean of 42 (+/- 1.85 SEM). On day six, the S-flies’ egg laying capacity peaked at a
mean of 53, equal to the F-flies’ mean of 53 (+/- 1.6 SEM). The fecundity gap between
the two populations was significantly narrowed on day six with no difference in their
means. However, the total fecundity of the S-females for seven days was still lower
than the controls (Table 1).

Table 1.
Mean Number of Eggs Laid Per Day by Females One to Seven Days Old
Age of Female in Days

1

2

3

4

5

6

7

Treatment Populations

F

S

F

S

F

S

F

S

F

S

F

S

F

S

Mean Number Eggs Laid

48

11

60

20

37

27

50

33

72

42

53

53

40

45

Standard Error of the
Mean (SEM) +/-

2.4

1.9

1.6

2.2

2.3

1.7

1.8

2.7

4.0

1.8

2.1

1.6

1.6

1.3

p-value

<0.0001

<0.0001

0.0011

<0.0001

<0.0001

0.7841

0.0125

Table 1. Mean Number of Eggs Laid Per Day by Females One to Seven Days Old. One female and two males were put into a
fly condo with grape agar and yeast paste. There were 12 females from each replicate for a total of 36 females per treatment
population per day. Females were allowed to lay eggs for 24 hrs. The eggs were counted and the totals for each female on each
day were logged into Microsoft Excel spreadsheets and imported into Statistica 7.0 software. The mean eggs laid per treatment
population per day were analyzed by ANOVA. F (n) = 36 per day, S (n) = 36 per day
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Figure 6.

Mean Number of Eggs Laid

Fed and Starvation-Selected Fecundity
F Eggs Laid in 24 hrs
S Eggs Laid in 24 hrs
F n = 36
S n = 36

Age of Females in Days

Figure 6. Mean Fecundity for One Day Old to Seven Day Old Females. On each day of age for seven days, twelve females from
each replicate population from the two treatment populations were selected at random. One female and two males were isolated in
a fly condo for 24 hours. After 24 hours, the eggs laid were counted. Each point is a mean calculated for one treatment group from
combined females of all 3 replicates. A nested ANOVA was performed with the replicates as random effects, nested in selection.
Then, the treatment populations were compared to each other using ANOVA.

One Day Old to Seven Day Old Egg Chamber Staging
As discussed in Chapter 2, four day old S-flies, relative to controls, had fewer
ovarioles per ovary and decreased fecundity. Therefore, I wanted to see if there were
changes in the numbers of developing egg chambers per ovary during the stages of
oogenesis that related to decreased fecundity. Using the age of the female as another
variable, I wanted to see how oogenesis changed over time.
When I counted the numbers of egg chambers per ovary in each stage, I also
counted the ovarioles in each ovary, by using the germaria as a proxy for each ovariole.
I wanted to see if my ovariole data from the generation 91 flies would be replicated in
generation 110.
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My data clearly showed that there was a considerable gap in the number of previtellogenic egg chambers per ovary on day one of female age. The F-flies had a mean
of 108 (+/- 4.3 SEM) pre-vitellogenic egg chambers per ovary in comparison to a mean
of 74 (+/- 3.8 SEM) for the S-females (p=0.036) (Table 2). This was 31% fewer previtellogenic egg chambers for the S-flies. The mean number of pre-vitellogenic egg
chambers per ovary in the S-females compared to the F-females was lower across all
ages of the females (Figure 7). However, statistical significance was only shown on
days one through four. From day four to day five of female age, both populations
showed a steep decline in the number of pre-vitellogenic egg chambers. Four day old
F-flies had a mean of 102 (+/- 2.4 SEM) pre-vitellogenic egg chambers, which
decreased to 87 (+4.15 SEM) on day five. This was a decline of 15%. Four day old Sflies had a mean of 91 (+/- 2.5 SEM) pre-vitellogenic egg chambers, which decreased to
70 (+/-4.6 SEM) on day five (Table 2). This was a decline of 23%. For days six and
seven of female age, both populations had a relative plateau in the mean number of
pre-vitellogenic egg chambers (Fig. 7).
During the next stage of oogenesis, vitellogenesis, the one day old F-flies had a
mean of 21 (+/- 1.2 SEM) vitellogenic egg chambers per ovary compared to the S-flies
with a mean of 11 (+/- 1.1 SEM. This was almost double the amount of vitellogenic egg
chambers per ovary in the F-flies (p= < 10-4). After the first day of adult life, there was
more variability in the means of vitellogenic egg chambers per ovary in both treatments.
On some days, the ovaries of the S-females had greater mean vitellogenic egg
chambers, and on other days, the F-females had greater means. There was statistical
significance in the differences in vitellogenic egg chambers between the populations.
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However, the variability in the means and the p-values, made it difficult to interpret the
data (Fig. 8).
Both treatment populations had only one post-vitellogenic egg chamber per ovary
in one day old females. This was not surprising, since these are the latest stages.
Then, there was a steep increase in two day old females in both populations, with a
mean of 24 (+/- 2.2 SEM) post-vitellogenic egg chambers per ovary for the F-flies and a
mean of 12 (+/- 0.9 SEM) for the S-flies (p= < 10-4) (Table 2). That was a 100%
increase in the controls compared to the starvation-selected flies. After day two, the Sfemales had a plateau in the mean number of post-vitellogenic chambers until five days
of age, when the means sharply increased until their maximum on day seven of female
age. There was a decline in post-vitellogenic egg chambers per ovary from three day
old to five day old females, then a sharp increase from day six to day seven (Figure 9).
The number of ovarioles per ovary were counted using the germaria as a proxy
for the number of ovarioles. The mean ovarioles in the treatment populations in
generation 110 were almost exactly the same as my previous data from generation 91
females.
The F-flies had a mean of ovarioles per ovary of 18.8 (+/- 2.2 SEM) and the Sflies had a mean of 15.2 (+/- 1.8) The difference in ovarioles between the populations
was statistically significant (p= <10-4).
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Pre-Vitellogenic Egg Chambers

Figure 7.

Figure 7a. Fed and Starvation-Selected Mean Pre-vitellogenic Egg Chambers Per Ovary. On each day of age for seven days,
ten females from each replicate population from the two treatment populations were selected at random. One ovary from each fly
was dissected and the egg chambers were staged and counted. Each point is a mean calculated for one treatment group from
combined females of all 3 replicates. A nested ANOVA was performed with the replicates as random effects, nested in selection.
Then, the treatment populations were compared to each other using ANOVA. F n= 30 per day. S n= 30 per day. 7b. Fed previtellogenic egg chambers. 7c. Starvation-selected pre-vitellogenic egg chambers. Each image from right to left begins with a
germarium followed by sequentially developing pre-vitellogenic egg chambers. Ovaries were stained with DAPI in order to visualize
the nuclei. DAPI stained small follicle cells surround each egg chamber containing 15 large DAPI stained nurse cells and one
oocyte. The oocyte is not yet visible in these images. Scale bars are 100μm.
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Figure 8.

Vitellogenic Egg Chambers

Fed and Starvation-Selected Vitellogenic Egg Chambers

Age of Females in Days
Figure 8a. Fed and Starvation-Selected Mean Vitellogenic Egg Chambers Per Ovary. On each day of age for seven days, ten
females from each replicate population from the two treatment populations were selected at random. One ovary from each fly was
dissected and the egg chambers were staged and counted. Each point is a mean calculated for one treatment group from
combined females of all 3 replicates. A nested ANOVA was performed with the replicates as random effects, nested in selection.
Then, the treatment populations were compared to each other using ANOVA. F n= 30 per day. S n= 30 per day. 8b. Fed
vitellogenic egg chamber. 8c. Starvation-selected vitellogenic egg chamber. Ovaries were stained with DAPI in order to visualize
the nuclei. At the top of each image, the oocyte fills approximately 1/3 of the egg chamber in these stage 9 egg chambers. Follicle
cells cover each oocyte. Large nurse cells fill the remainder of the egg chamber. A Nikon 90i epifluorescence microscope with a
10X objective was used for imaging. Scale bars are 100 μm.
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Figure 9.
Post-Vitellogenic Egg Chambers

Fed and Starvation-Selected Post-Vitellogenic Egg Chambers

Age of Females in Days
Figure 9a. Fed and Starvation-Selected Mean Post-vitellogenic Egg Chambers. . On each day of age for seven days, ten
females from each replicate population from the two treatment populations were selected at random. One ovary from each fly was
dissected and the egg chambers were staged and counted. Each point is a mean calculated for one treatment group from
combined females of all 3 replicates. A nested ANOVA was performed with the replicates as random effects, nested in selection.
Then, the treatment populations were compared to each other using ANOVA. F n= 30 per day. S n= 30 per day. 9b. Fed postvitellogenic egg chamber. The DAPI stained nurse cell nuclei are undergoing apoptosis and are pushed to the anterior tip of this
stage 12 egg chamber (top left). The oocyte fills the remainder of the egg chamber. 9c. Starvation selected post-vitellogenic egg
chamber. The remainder of DAPI stained apoptotic nurse cell nuclei in the anterior tip of a stage 13 egg chamber (bottom left). The
oocyte fills the entire egg chamber. A Nikon 90i epifluorescence microscope with a 10X objective was used for imaging. Scale bars
are 100 μm.

85

Table 2.
Mean Number of Egg Chambers per Stage of Oogenesis in One to Seven Day Old
Females
Age of Female
in Days
Flies: F=Fed
S=Starved

Mean
Number of
Egg
Chambers
Per Stage
Per Ovary

1

2

3

4

5

6

7

F

S

F

S

F

S

F

S

F

S

F

S

F

S

Pre-Vitellogenic

108

74

90

80

103

86

102

91

87

70

88

70

87

75

Standard Error
of the Mean
(SEM) +/-

4.3

3.9

5.7

3.4

4.4

3.8

2.4

2.5

4.2

4.6

4.3

4.5

2.4

3.8

p-values

0.036

0.002

0.023

0.0292

0.299

0.366

0.275

Vitellogenic

21

11

13

15

7

10

5

3

10

16

3

10

11

6

Standard Error
of the Mean
(SEM) +/-

1.2

1.1

0.8

1.3

0.5

1.2

0.6

0.5

1.8

2.2

0.5

1.3

0.9

1.1

p-values

< 0.0001

PostVitellogenic
Standard Error
of the Mean
(SEM) +/p-values

< 0.0001

0.002

0.002

<0.0001

<0.00001

0.007

1

1

24

12

28

14

16

12

13

8

13

15

34

27

0.4

0.3

2.2

0.9

1.3

5.9

0.9

1.4

1.2

1.2

1.1

1.5

1.5

2.3

0.226

0.000014

<0.00001

0.527

0.149

0.208

0.00004

Table 2. Mean Number of Egg Chambers per Stage of Oogenesis per Ovary in One to Seven Day old Females. Generation
110, G2 F&S females aged 1-7 days old were dissected and the numbers of egg chambers in each stage of oogenesis in one ovary
per female were counted. n = 30 ovaries in each treatment population per day.
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Figure 10.

P = 0.0001
Figure 10. Means of Ovarioles per Ovary in F&S Females. Generation 110, G2 F&S females aged 1-7 days old were dissected
and the number of ovarioles in one ovary per female were counted. The number of germaria were used as a proxy for the number
of ovarioles in each ovary. Each bar is a mean calculated for one treatment group from combined females of all 3 replicates. A
nested ANOVA was performed with the replicates as random effects, nested in selection. Then, the treatment populations were
compared to each other using ANOVA. F n=30 per day, S n=30 per day.

Table 3. Mean Number of Germaria per Ovary in One to Seven Day Old Females
Age of
Female in
Days
Flies : F=Fed
S=Starved
Mean
Germaria per
Ovary per
Day
Standard
Error of the
Mean
(SEM) +/p-value

1

2

3

4

5

6

7

F

S

F

S

F

S

F

S

F

S

F

S

F

S

19.4

17.0

19.7

15.8

19.5

16.6

19.3

16.8

18.0

12.9

17.6

14.1

19.1

14.2

0.36

0.65

0.67

0.63

0.66

0.63

0.33

0.51

0.71

0.74

0.74

0.74

0.51

0.68

<0.0001

<0.0001

0.002

0.02

<0.0001

<0.001

<0.0001

Table 3. Mean Number of Germaria per Ovary in One to Seven Day Old Females. Generation 110, G2 F&S females aged 1-7
days old were dissected. The number of germaria in each ovary were used as a proxy for the number of ovarioles per ovary. On
each day, the number of germaria per ovary in the 3 replicates in each treatment population were counted. A nested ANOVA was
performed with the replicates as random effects, nested in selection. Then, the treatment populations were compared to each other
using ANOVA. F n=30 per day, S n=30 per day.
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Discussion
Early fecundity during the first two days of adult life was particularly diminished in
the starvation-selected population in comparison to the controls. An important
adaptation to starvation-selection is that the S-females have three times the amount of
lipids than the F-females (Reynolds, 2013). Given their increased body size, it would be
expected that the S-flies would have increased fecundity. However, my data reflects
that this is not true in the starvation-selected population. This seems to be a paradox,
because it is well documented in the insect literature that larger body size positively
correlates with egg production (Berger et al., 2008; Bergland et al., 2008; Chapman,
2013). Overall, the S-females apparently utilize less of their stored resources for
reproduction than the controls. This was demonstrated by their consistently decreased
fecundity over the course of the first five days of adult life (Fig. 6). S-flies egg
production increased steadily until reaching a peak capacity on day six.
At their peak, five day old F-females had a mean egg laying capacity of 72, which
declined to 53 on day six. This was a decrease of 25% from the peak. The Spopulation had a total of 53 eggs laid at their peak, which declined to 45 on day seven.
This was a decrease of 15% from the peak. Thus, comparing mean number of eggs laid
between the treatment populations, on the day of their maximum egg production,
demonstrated a decreased egg laying capacity in the S-flies. There was a significant
difference between the treatment populations on the peak egg laying capacity on day
five of the F-females, favoring production by the F-flies (p= <0.0001). However, by day
six, the F-flies production was declining and the S-flies reached their peak. On their day
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of peak egg laying capacity, the S-flies did not have statistically significant more egg
production compared to the F-flies (p= 0.784).
The difference between peak egg laying capacity between the treatment
populations was also notable in that the S-flies peaked one day later than the controls.
This indicates a slower rate of oogenesis. Furthermore, at least on their day of peak
capacity, the S-flies actually “caught up” with the F-flies, as the mean number of eggs
produced was virtually the same. Also noteworthy was that by day seven, although the
S-flies’ production was declining, they laid a significantly greater number of eggs than
the F-flies. Contributory factors may have been that the S-flies had a slower rate of
decline after reaching peak egg laying capacity. Also, it is apparent that the F-flies
invested more energy quicker, laying more eggs earlier. The S-flies laid fewer eggs and
had a slower rate of oogenesis, which demonstrates a more conservative approach to
reproduction. This is an example of a trade off in the allocation of resources between
survival and reproduction and the prevalence of the starvation resistant trait.
The most important contribution to female fecundity is the number of ovarioles
per ovary (Ashburner & Novitski, 1976; Green et al., 2011; Green & Extavour, 2012;
King, 1957; Sarikaya et al., 2019; Spradling, 1993). As I reported in Chapter 2, the Fflies have significantly more ovarioles than the S-flies. This lead to the decreased egg
laying capacity in the generation 91 S-flies. These data from generation 110 flies, still
demonstrate that there are fewer ovarioles in the starvation-selected females. This
phenotype remains at the forefront of decreased fecundity and oogenesis in the S-flies.
The production of oocytes is a complex process that starts in the germarium of
the ovariole. Drosophila melanogaster females are known to lay two to four eggs per
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ovariole per day (King, 1957; Mahowald, 1972). Nutritional deficits will change the
production rate of eggs, as the germline and somatic stem cells will adjust the rate of
cell division. However, the numbers of stem cells will remain the same. (DrummondBarbosa, 2019; Drummond-Barbosa & Spradling, 2001). My data show a slower rate of
egg production by the S-flies, indicated by the lag of one day in the peak egg laying
capacity. If there was a slower rate of germline and somatic stem cell division, leading
to fewer of their progeny cells, it will have an effect on the numbers of egg chambers
that are produced. This would be noticeable, first, in the early pre-vitellogenic stages of
oogenesis.
My data show that the mean numbers of pre-vitellogenic egg chambers in the
ovaries of the one to seven day old S-females were lower than the F-flies. The
decreased numbers of pre-vitellogenic stages were statistically significant through day
four. This indicates that there were fewer egg chambers “born” in the germarium of the
ovarioles. Fewer ovarioles means fewer stem cells, and the obvious outcome for the Sfemales is fewer eggs produced. The fecundity data are clearly reflective of decreased
early egg production, which correlates with the decreased numbers of pre-vitellogenic
egg chambers. Once again, these starvation tolerant females show examples of how
parsimonious allocation of resources has maintained generations of starvation-selected
flies.
The energy acquired during the larval feeding stages is utilized during pupal
development, and then for somatic maintenance and reproduction in early adult life
(Beneš et al., 1990; Zheng, Yang, & Xi, 2016). Beginning in the second larval instar,
the starvation-selected flies have prolonged developmental stages until they reach
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adulthood (Brown et al., 2019). This allows the larvae more time to feed and to store
energy as accumulated fat in the larval fat body. During pupal life, the larval fat body
remodels into individual fat cells. These fat cells persist in the early adult (Nelliot, Bond,
& Hoshizaki, 2006).
Programmed cell death of the larval fat cells is responsible for supplying the
necessary energy for somatic maintenance and for the uptake of nutrients into the
ovaries once the fly ecloses, and until it can feed (Aguila et al., 2013; Aguila et al.,
2007). These researchers also reported that newly eclosed females were more
starvation resistant than three day old or ten day old adults. This presumably was due
to the energy stores from the larval tissue. Once energy reserves are utilized by the fly
for reproduction, they are no longer available for survival under future starvation
conditions. This becomes an important factor for the utilization of energy for oogenesis.
Aguila et al. 2013 used the Drosophila inhibitor of apoptosis (diap1) gene inhibit
larval fat cell death in flies. This modification caused the larval fat cells to persist longer
in the adult females and, thus, larval resources were not made available for ovarian
maturation. Flies that had inhibited fat cell death had ovaries that were smaller than the
controls. Aguila et al concluded that there was less uptake of larval lipids by the
ovaries, due to fat cell inhibition, because the early adult ovaries were smaller than
controls. They also reported that the ovaries reached comparable size to the controls
by day four of adult life.
The developing egg chambers make up the majority of the mass of the ovaries
(King, 1957). However, in the early adult fly, the first developing egg chambers in the
germarium are tiny and would not make much of a contribution to ovarian mass. As
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oogenesis progresses, the mass of the ovary grows according to the number and size
of the developing egg chambers. Oogenesis in early adult life is dependent on the
nutrients from larval fat stores. When there is a shortage of larval nutrients, oogenesis
is considerably slowed. The size of the ovary could not solely determine the impact of
nutrient stress, and required an investigation into the developing egg chambers.
The starvation-selected flies have evolved the starvation resistant trait over
generations of laboratory selection. Part of this phenotype is exhibited through
decreased utilization of energy stores, which would include energy for oogenesis. My
data provides evidence for the decreased utilization of larval fat stores for oogenesis in
the S-flies. This is shown through the decreased production of pre-vitellogenic egg
chambers in early adult life. In the one day old S-flies, there was a stark contrast
between the numbers of pre-vitellogenic egg chambers compared to the F-flies (Fig. 7;
Table 2). In this manner, resources were saved for any future starvation conditions.
Moreover, the conservation of early resources will leave a greater energy supply for
oogenesis later in the female’s life.
Oogenesis begins during pupal life and arrests at the pre-vitellogenic stages until
the fly ecloses. Fewer previtellogenic egg chambers in the early adult S-flies, raises the
question whether there are trade-offs in resource allocation toward oogenesis during
development of the S-flies. There are increased accumulation of fat stores during the
larval feeding stages in the S-flies (Brown et al., 2019). However, these fat stores may
be retained longer and conserved for starvation conditions, but do not increase egg
production in the adult S-females.
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Larval fat cells are known to disappear by 96 hours post-eclosion in the adult
(Beneš et al., 1990). Therefore, I found it interesting that the effect of decreased larval
fat uptake by the ovaries, persisted after day four of adult life. The 24 hour fecundity of
the flies with inhibited fat cell death was consistently lower from day one up to day six of
adult age. Then, on day six their production was similar to the controls. (Aguila et al.,
2013). Then, egg production declined, and remained at lower levels than the controls
on days seven to ten. My data also revealed consistently lower fecundity in one day old
to six day old S-flies. On day six of female age, the S-flies reached peak capacity and
there was similar egg production between the F-flies and S-flies. Then, naturally, egg
production declined. Based on the Aguila et al studies, the flies that have limited
access to larval nutrient stores have decreased fecundity. Furthermore, based on my
data, less energy is allocated toward oogenesis, which is demonstrated by the fewer
numbers of pre-vitellogenic egg chambers. These data may point toward a mechanism
early in adult life, or perhaps earlier in the fly lifecycle, that may set up the S-females for
decreased fecundity that persists later in life.
The accumulation of more lipids during the larval feeding period, longer retention
and decreased utilization of larval fat cells in the early adult, and increased fat storage
in the adults would decrease the availability of lipids for ovarian uptake and oogenesis.
These factors, coupled with fewer pre-vitellogenic egg chambers in females from one to
seven days old (Fig. 7), seems to set the stage for persistent decreased fecundity in the
S-flies.
One of the hallmarks of the end of pre-vitellogenesis is a developmental
checkpoint at stage eight before the onset of vitellogenesis. This is crucial for the
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continued progression of oogenesis. Before the energetic demands of vitellogenin
production are imposed on the female, induction of germ cell death in some egg
chambers occurs if nutritional resources are inadequate or other injury to the egg
chambers have occurred (Buszczak & Cooley, 2000; Drummond-Barbosa & Spradling,
2001; McCall, 2004). Many of the early egg chambers may not make it past the
developmental checkpoint at stage 8, which ensures that there is not expenditure of
resources on the synthesis of yolk proteins, which is the most energetically costly
process that the female encounters (Burn et al., 2015; Carlson & Harshman, 1999;
Drummond-Barbosa & Spradling, 2001).
Inadequate nutritional resources will certainly delay vitellogenesis, which trigger
the control by regulatory factors. Namely, the hormone 20-hydroxyecdysone (20E). A
low concentration of 20E exists during normal oogenesis, but starvation conditions
cause an elevation of 20E titers, which causes apoptosis of the nurse cells in stage
eight and nine (Terashima et al., 2005).
When optimal conditions exist for the progression of oogenesis beyond the previtellogenic stages, the vitellogenins that are synthesized by the fat body and follicle
cells of the ovaries are promoted by 20E (Bownes, 1982; Buszczak et al., 1999) In the
nurse cells of the ovaries, production of 20E is required for maturation of the egg
chambers during the vitellogenic stages (Buszczak et al., 1999). If vitellogenesis is
interrupted or delayed, that will decrease the number of maturing egg chambers and in
turn decrease the number of eggs laid. It is difficult to determine if there were more
vitellogenic egg chambers lost during oogenesis in the S-flies leading to decreased
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fecundity. The variability in the numbers of vitellogenic egg chambers in both
populations make the data more difficult to interpret.
Studies have shown that even short term starvation conditions interrupt
oogenesis, and cause a stress response in pre-vitellogenic egg chambers (Shimada et
al., 2011). This does not invoke apoptosis of egg chambers, but instead is meant to
preserve egg chambers. This response is defined by the rearrangement of
microtubules that transport cytoplasmic contents from the nurse cells to the oocyte
during stage 6 of oogenesis. Shimada et al. have reported that during times of nutrient
stress, the microtubule network re-arranges to stop the flow of nutrients out of the nurse
cells and into the oocyte, in order to preserve the egg chambers for future oogenesis.
The rate of oogenesis is slowed in order to preserve the initial energy investment in the
early egg chambers (Shimada et al., 2011).
The survival of some pre-vitellogenic egg chambers is critical for the fecundity of
the female. Because the S-flies have fewer pre-vitellogenic egg chambers, repeated
generations of starvation-selection may have caused an adaptation to make fewer previtellogenic egg chambers from the beginning of oogenesis. Perhaps, there is a “previtellogenic response” for physiological preservation of those pre-vitellogenic egg
chambers to ensure that more of them get into vitellogenesis and reach maturity. This
mechanism described by Shimada et al. may be a part of the adaptive physiology that
has evolved in the S-flies through generations of starvation selection, in order to
preserve the early egg chambers. My data regarding the numbers of vitellogenic egg
chambers, may have some relationship to an early mechanism to conserve energy.
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Surprisingly, there were days when the S-females’ ovaries had more vitellogenic egg
chambers than the controls.
The increased storage of lipids in the S-flies led me to hypothesize that there
would be less utilization of energy toward vitellogenin production and fewer vitellogenic
egg chambers. Also, given that the S-flies had decreased fecundity, I thought there
would be fewer egg chambers in all stages of oogenesis. The numbers of vitellogenic
egg chambers in the S-flies lagged considerably in one day old females compared to
the F-flies (p= < 10-5). That pointed toward a slower rate of oogenesis in those females.
It was not surprising to me that there were fewer vitellogenic chambers in one day old
S-females, considering that my data showed that there were fewer pre-vitellogenic egg
chambers. However, there were days when the S-flies actually had significantly more
vitellogenic egg chambers than the F-flies. That was surprising to me. On days 2, 3, 5
and 6 of female age, the S-females had significantly greater numbers of vitellogenic egg
chambers (Table 2). That could have been because the greater numbers of previtellogenic egg chambers that were produced by the F-flies, also had greater numbers
of egg chambers that did not make it into vitellogenesis. Even though there were fewer
pre-vitellogenic egg chambers produced by the S-flies, potentially, more of those egg
chambers made it into vitellogenesis. It was difficult to determine what caused the
differences between the populations because there was variability in the numbers of
vitellogenic egg chambers over the course of seven days, which made the data
challenging to interpret. I am only speculating because the experiment was not
designed to determine how the differences occurred.
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Post-vitellogenic egg chambers were not seen in either population until day two
of adult life. That was not surprising, given that these are the latest stages of
oogenesis.

There was more variability in the numbers of these stages in the controls,

showing a steep decline after day two from three day olds to five day olds, a plateau
between days five and six and a marked increase at day seven. The S-flies postvitellogenic egg chambers showed a sharp increase from day one to day two, however,
significantly fewer compared to the F-flies, then a plateau between two day olds to four
day olds, a mild decline on day five, and then a linear increase to day seven.
The plateau from day two to day four may be explained by the decreased
number of pre-vitellogenic egg chambers in the S-flies and/or a slower maturation rate
of those egg chambers. Interestingly, the numbers of post-vitellogenic egg chambers at
six days of age in both populations almost overlap. I am not sure of the significance of
that, potentially that the S-flies increased their rate of production and the F-flies
decreased their rate of production. Similarly, my fecundity data on day six of adult age
showed no significant difference, with each population laying a mean of 53 eggs. Those
data, also, may reflect an inverse change in the rate of oogenesis between the
treatment populations.
Given that the starvation-selected females have more energy stores, we may
expect that they would lay more eggs, but my data have demonstrated that this is not
true. The stored lipids also provide a source of nutrition for the flies’ survival during
times of scarce nutrition, or what may be preparation for those anticipated conditions.
The reduced fecundity in the S-flies points toward an advantageous adaptation of
resource allocation through multiple generations of starvation selection. Energy
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conservation during early adult life seems to play a key role in their starvation resistance
and reduced egg laying capacity. I have shown that during the first five days of life,
these starvation-selected females lay significantly fewer eggs than the controls, thus
conserving energy. Their ovaries also contain significantly fewer pre-vitellogenic egg
chambers, particularly as early adults, which correlates to fewer subsequent egg
chamber stages and decreased fecundity.
The reproductive capacity of individual females in a population can vary. This
heterogeneity within a population can have an effect on the overall fecundity of the
population. The decreased peak egg laying capacity of the S-flies is an example of how
the population has changed over time, and the impact that starvation-selection has had
on the individual females and the population as a whole. The peak egg laying capacity
of the S-females is one day later than the controls, which also points toward the
conservation of resources through a slower rate of oogenesis.
In Chapter 2, I reported on my data that showed decreased ovarioles per ovary.
The number of ovarioles is a direct correlation to the egg laying capacity of the female.
I have also shown decreased egg laying capacity in the S-females. The development of
the adult ovary begins during the larval stages. I investigated the pre-adult ovarian
development to see if there were any differences between the treatment populations
that caused the decreased ovariole number in the adult ovaries of the starvationselected females. In the next chapter, I will report on my findings.
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Chapter Four
Ovarian Development during the Larval and Pre-pupal Stages of the Lifecycle of
Drosophila melanogaster: How Does It Impact Adult Ovariole Number?
Introduction
Holometabolous insects, undergo a period of metamorphosis when the larval
anatomy remodels into the adult structures. Their lifecycles contain four stages
including the embryonic, larval, pupal and adult (Chapman, 2013). Remodeling of larval
anatomy into the adult during the pupal stage is largely true in Drosophila, however, one
of the exceptions is that the ovary does not undergo metamorphosis (King, 1970).
Ovarian development begins during embryogenesis and continues through pupal life.
Therefore, the ovary is a perfect organ in which to study organogenesis.
The ovaries are made up of two cell types, the somatic cells and the germ cells.
The somatic gonadal precursor cells and primordial germ cells that will make up the
ovary are established in the embryo (Demerec, 1994; King, 1970). The primordial germ
cells form from the cluster of pole cells at the posterior tip of the embryo. The pole cells
migrate inwardly during gastrulation. They are positioned on both sides of the
embryonic gut and recruit the somatic gonadal precursor cells to form the embryonic
ovaries (Ashburner & Novitski, 1976). Each ovary is surrounded by fat body. At the
beginning of the three larval stages, the ovary is a cluster of germ cells covered by a
single cell layer of somatic cells. Proliferation and subdivision of cell types of the
somatic cells starts in the larval stages.
The developmental events that occur to form the adult ovaries start during the
second larval instar. Specification of some somatic cells into the terminal filament cells
begins. These cells are the genesis of the functional adult ovary (Sahut-Barnola et al.,
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1996; Sahut-Barnola et al., 1995). The terminal filament cells migrate across the ovary
to form discreet stacks that become the terminal filaments. These terminal filaments
are the precursors to the ovarioles that make up the adult ovary (Green & Extavour,
2012; Hodin, 2000; Sarikaya et al., 2012). Defining the anterior most part of the
ovariole, the terminal filaments set up the formation of the stem cell niche.
The whole goal of the larvae, is to eat as much as possible in order to sustain the
animal through the non-feeding pupal and early adult stages. Once the adult ecloses, it
does not feed for approximately eight hours. The larvae must have enough nutritional
resources for metamorphosis, early adult survival and oogenesis. The late third instar
larvae emerge from the food and start to wander in order to find a place to pupariate.
This process takes approximately 10 hours.
During the wandering behavior, the terminal filament cells form stacks and the
germ cells can be detected posterior to them (Bainbridge & Bownes, 1981). The
exterior somatic follicle cells of the ovary are formed, and the internal somatic and germ
cells that will make up the functional units of the ovaries are still forming. However, this
stage is nearing the end of terminal filament cell stack formation (King et al., 1968). It is
also noted that during the wandering stage, nutritional deprivation is linked to a change
in cell differentiation that can affect ovariole number in the adult (Hodin & Riddiford,
2000).
Secretion of a basement membrane by the somatic apical cells, called the tunica
propria, separates the terminal filaments into individual units as the apical cells migrate
from anterior to posterior down the stack. The posterior end of the terminal filament is
where the anterior most part of the ovariole, or germarium, forms (King, 1970). A
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cluster of germ cells are located at the posterior end of the field of terminal filaments.
This is the location of the stem cell niche and where oogenesis begins. Some of the
germ cells get engulfed by the advancing tunica propria and remain in the stem cell
niche. These germ cells become the germ line stem cells. The germ cells that do not
become germ line stem cells, will go through cell divisions and become the cystoblasts
that will form the first egg chambers (Gilboa, 2015). By the end of the third larval instar,
the terminal filaments are almost entirely formed.
Between the larval and pupal stages is an approximate 12 hour period known as
the pre-pupal stage. The final formation of the terminal filaments occurs during this
time. Anatomical changes are occurring to the larvae, as they prepare for pupariation.
The pre-pupae secrete glue from the salivary glands in order to secure a place to
pupariate. The pre-pupae become immobile and the cuticle begins to tan and contract,
shortening the body into a barrel shape. Part of the respiratory apparatus, the anterior
spiracles, evert and become visible on the top of the head. At the end of the pre-pupal
stage the pupal case is formed and metamorphosis begins.
It is believed that the number of terminal filaments that are formed during the
larval and pre-pupal stages is equal to the number of ovarioles in an adult ovary (Godt &
Laski, 1995; Green et al., 2011; Sahut-Barnola et al., 1996). For that reason, I
investigated larval and pre-pupal ovarian development on a cellular level, in order to
determine any differences between the starvation-selected and fed control populations.
These differences may lead to the decreased number of ovarioles in the adult ovaries.
Materials and Methods
Third Instar Larval Ovarian Development in Starvation-selected and Fed Controls
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Developmental Timing to Determine the Time to Wandering Behavior
Starting from the same developmental time point in the lifecycle of both
populations of larvae would ensure a true comparison of any differences in ovarian
development that may be occurring. I evaluated the relative timing for development to
late third instar. This information was necessary in order to select appropriate ages of
dissection for the larvae in both populations.
Generation 101, G2 F & S flies were selected at random. Approximately 100
flies from each replicate were put into bottles of fresh food sprinkled with dry yeast.
There were three bottles for each replicate population. For two days, the flies were
transferred into new bottles of food every six hours, at 6:00 a.m., 12:00 p.m. and 6:00
p.m. This was to acclimate the females to change so it would not disrupt egg laying.
On the third day at 6:00 a.m., the flies were transferred into new bottles of food with
yeast paste. The females were allowed to lay eggs for six hours. Then, they were
transferred to new bottles of food with yeast paste, and allowed to lay eggs for another
six hours. The time allowed to lay eggs was to ensure that the developing larvae were
+/- 3 hours in age. After removing the adult flies from the bottles, the bottles were kept
in order to allow the eggs to develop. When the first third instar larvae started to
wander, the time was documented for each population and used for the timing of
dissections.
Dissection of Ovaries from Wandering Third Instar Larvae
Generation 103, G2, F & S well-fed females were allowed to lay eggs for 24
hours, then the flies were removed from the bottles. Once the larvae emerged out of
the food and began wandering, they were ready for collection. Larvae were sexed
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according to (Maimon & Gilboa, 2011) and approximately thirty females per replicate in
each population were selected. Larvae were placed in 1XPBS (Methods, Chapter 2) in
glass dissecting wells and kept on ice during dissections. Dissections were done on a
glass microscope slide (VWR) in 1XPBS. A glass pipette coated in 0.5% BSA in
1XPBS (Methods, Chapter 2) to prevent the fat bodies from adhering to the pipette was
used to transfer the dissected ovaries into 1.5ml tubes, which were kept on ice. Ovaries
in fat body were fixed in 4% formaldehyde (Methods, Chapter 2) for 20 minutes at room
temperature on a rocker with gentle agitation. Ovaries were rinsed for ten minutes in
0.1% PBT (Methods, Chapter 2) in 1XPBS. Three washes with 0.3% PBT (Methods,
Chapter 2) for thirty to sixty minutes each were performed at room temperature with
gentle agitation on a rotator (Boekel Scientific Orbitron Rotator II). Ovaries were
blocked with 10% expired Fetal Bovine Serum (FBS) in 0.3% PBT for 1 hour at room
temperature with gentle agitation on the rotator. Blocking overnight at 4° C was also
performed when needed.
Immunohistochemistry
The primary antibodies and dilutions used were polyclonal rabbit anti-Vasa
1:3000 (Ruth Lehmann Lab, New York University School of Medicine), and monoclonal
mouse anti-Engrailed 1:50 (4D9 Engrailed/Invected Developmental Studies Hybridoma
Bank ). Secondary antibodies and dilutions used were goat anti-rabbit 1:1000 (Alexa
Fluor 488, Abcam Ref. # A11029) and goat anti-mouse 1:1000 (Alexa Fluor 568, Abcam
Ref. #A11075).
Primary antibodies were mixed in 8% FBS blocking solution in 0.3% PBT and
ovaries were incubated at 4ºC overnight with gentle agitation.
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Ovaries were rinsed with 0.1% PBT for 15 minutes and then washed three times for
thirty to sixty minutes in 0.3% PBT. Secondary antibody dilutions were prepared in 8%
FBS blocking solution and applied to the ovaries and incubated at room temperature for
2 hours on a gentle rocker. Rinses and washes with 0.1% PBT for 10 minutes and 3
washes with 0.3% PBT were completed.
One microliter of DAPI was added to the third wash, then a final wash was done
in 1XPBS. Ovaries were mounted in Vectashield on slides using a Nikon binocular
microscope. Coverslips were secured with clear nail polish.
Imaging
A Nikon A1R confocal laser scanning microscope was used for imaging.
Epifluorescence images were taken with 20x and 40x objectives. Multiple optical
sections were taken through the entire ovary (z-stacks) using a 40x objective with each
optical slice measuring 0.5 microns.
Ovarian Cell Counts
The Nikon NIS Elements Software was used for viewing images during the
counting of all cells. Each image of a z-stack was visually analyzed and the numbers of
vasa- positive germ cells, engrailed-positive terminal filament cells, stacked terminal
filaments and total DAPI nuclei were manually counted. The number of germ cells was
subtracted from the number of total cells in order to calculate the number of somatic
cells in each ovary. Cell counts for each ovary were logged on Excel spreadsheets.
Ovarian volumes were calculated from the dimension images of each z-stack using the
Fiji ImageJ program with the protocol from Horne-Badovinac et al 2005.
Statistical Analysis
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Statistica 7.0 software was used to compare the numbers of each ovarian cell
type within the replicate populations to each other. This analysis was done using a
nested ANOVA, with the replicates nested in selection as random effects. Then, the
selection populations were compared to each other using ANOVA. Prism GraphPad 7.0
software was used to create graphs of the data.
Pre-pupal Ovarian Development in Starvation-selected and Fed Control Flies
Developmental timing was assessed using newly eclosed generation 111 flies
from starvation-selected and fed controls. The flies were put into 5L Plexiglas fly cages,
with two plates of food containing the same recipe as was previously described. Food
plates were changed daily for two days in order to allow the flies to acclimate. On the
third day, the food plates were changed every hour for six hours and eggs were
collected every hour and put into new bottles of food. The bottles of eggs were closely
watched after the third instar wandering phase began, in order to document the time to
puparium formation. The wandering phase can last between 12 and 24 hours, after
which time the larae stop wandering and form a puparium. The puparium encases the
developing larval animal for the metamorphosis into the adult. This would ensure that
both populations were dissected at the same developmental time point, even if there
was a developmental delay in the starvation-selected populations. Furthermore, this
knowledge would facilitate the timing of egg laying for the dissections.
Morphological criteria that were used to define the pre-pupae were based on Ashburner
(Ashburner & Novitski, 1976). These characteristics are documented as a completely
immobile animal that is stuck to the side of the food bottle due to secretion of a glue
from the salivary glands; head eversion has occurred; which is noted by the anterior
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spiracles; a shortened, barrel-shaped body due to contraction of the cuticle; and a
cuticle that is starting to change from the larval whitish color to tan.
Generation 123 pre-pupae were collected as they became available and
dissected. Dissections were performed on VWR microslides or in glass dissection wells
in a few drops of 1XPBS. Ovaries embedded in fat body were transferred into glass
wells using pipettes coated with 8% FBS to prevent sticking. All tissue was kept on ice
during dissections. Ovaries were fixed with 4% formaldehyde in 1XPBS for 20 minutes
at room temperature on an Orbitron Rotator II with gentle agitation. Ovaries were rinsed
with 1XPBS and preserved with 0.01% sodium azide and stored in 4º C.
Immunostaining, mounting and imaging were performed as described above.
Imaging, ovarian cell counts and statistical analysis was performed in the same
manner as described for the larval ovaries. The only difference was that I did not
calculate ovarian volumes of the pre-pupal ovaries. I could not use the Fiji software for
the volume analysis due to changes that were made in the version that we had in our
lab. Determining any differences in the numbers of terminal filament cells and terminal
filaments in the pre-pupal ovaries would be sufficient to provide a correlation to the
decreased numbers of ovarioles in the adult ovaries. Therefore, I did not calculate
ovarian volumes in the pre-pupal ovaries.
Results
Given my findings reported in Chapter Two that the ovaries in the starvationselected adult females had fewer ovarioles, I wanted to investigate whether I could
determine any anatomical changes in the ovarian development of the starvationselected larvae. Therefore, I needed to count the cell types that make up the larval
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ovaries, and the structures that are the precursors to the adult ovarioles. I hypothesized
that I would find fewer terminal filament cells and fewer stacks of these cells in the
developing third instar larval ovaries. I used the late third larval instar, because at that
point in development, when the larvae stop feeding and begin to look for a place to
pupariate, the terminal filaments should be mostly formed.
The numbers of terminal filament cells and stacks of these cells between the
populations were not significant, with p-values of 0.5 and 0.09 respectively. Germ cell
numbers were also not significantly different, confirmed by a p-value of 0.6. Comparing
the ovarian volumes, also proved to be not significant with a p-value of 0.2. The only
significant difference between numbers of ovarian cells in the selection populations, was
the total number of cells and the total somatic cells. The total number of somatic cells
was derived by subtracting the germ cells from the total number of cells. These data
revealed that the starvation-selected ovaries had greater numbers of total cells and
somatic cells. The p-value for the total cells was 0.009 and for the somatic cells 0.004
The stacks of terminal filament cells appeared to be disordered in the starvationselected larval ovaries, but their numbers were not significantly different from the control
ovaries (Figure 1). The numbers of germ cells were not significantly different between
the populations. Total cells between the two populations were significantly different,
which was influenced by the greater numbers of somatic cells in the S-flies. The
ovarian volumes were not significantly different between the two populations and this
led me to conclude that the greater numbers of somatic cells in the starvation-selected
ovaries must also be on average, smaller in size.
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Figure 11.
Fed and Starvation-selected Late Third Instar Larval Ovaries

Figure 11. Fed and Starvation-selected Late Third Instar Larval Ovaries. Ovaries were dissected and immunostained. The
germ cells were immunostained using an antibody to the Vasa protein and a secondary antibody with (green) 488nm fluorescence.
The terminal filament cells were immunostained with an antibody to the Engrailed protein and a secondary antibody with (red) 568
fluorescence. Nuclei were stained with DAPI (blue) 405nm fluorescence. A and A’ are composites of all channels of fluorescence.
The remaining images are single fluorescent images shown in black and white. The terminal filament cells of the starvation-selected
ovaries in D’ look disordered in comparison to the nicely forming stacks in the fed controls (D). Each image is a single optical
section in an optical section series through the z-dimension of the entire ovary. The scale bars are 50 μm. Fed n = 10 ovaries,
Starvation-selected n = 10 ovaries.
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Figure 12.

Figure 12. Total Number of Germ Cells per Ovary in Fed and Starvation-selected Third Instar Larval Ovaries. Germ cells were counted in
each set of optical sections for each immunostained larval ovary. Each point on the graph represents the total number of germ cells in one
ovary. The median and interquartile ranges are displayed for each population. There was no significant difference in the number of germ cells
per ovary between the populations.
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Figure 13.

Figure 13. Total Number of Terminal Filament Cells in Fed and Starvation-selected Third Instar Larval Ovaries. Terminal
filament cells were counted in each set of optical sections from each immunostained larval ovary. Each point on the graph represents the total
number of terminal filament cells in one ovary. The median and interquartile ranges are displayed for each population. There was no significant
difference in the total number of germ cells per ovary between the populations
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Figure 14.

Figure 14. Total Number of Somatic Cells in Fed and Starvation-selected Third Instar Larval Ovaries. Total cells were counted
in each set of optical sections from each immunostained larval ovary. The number of germ cells were subtracted from total cells to get the
number of somatic cells in each ovary. Each point on the graph represents the total number of somtic cells in one ovary. The median and
interquartile ranges are displayed for each population. There was a significant difference in the total number of somatic cells per ovary
between the populations. The starvation-selected ovaries had more somatic cells per ovary than the fed controls.
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Figure 15.

Figure 15. Number of Total Cells in Fed and Starvation-selected Third Instar Larval Ovaries. Total cells were counted in each
set of optical sections from each immunostained larval ovary. Each point on the graph represents the total number of cells in one ovary. The
median and interquartile ranges are displayed for each population. There was a significant difference in the total number of germ cells per
ovary between the populations. The starvation-selected ovaries had more total cells per ovary than the fed controls.
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Figure 16.

Figure 16. Total Number of Terminal Filaments in Fed and Starvation-selected Third Instar Larval Ovaries. Terminal
filaments were counted in each set of optical sections from each immunostained larval ovary. Each point on the graph represents the total
number of terminal filaments in one ovary. The median and interquartile ranges are displayed for each population. There was no significant
difference in the total number of terminal filaments per ovary between the populations.
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Figure 17.

Figure 17. Volumes of Fed and Starvation-selected Third Instar Larval Ovaries. The volume of each ovary was calculated
using Fiji ImageJ software. Each point on the graph represents the volume of each ovary. The median and interquartile range are
displayed for each population. There was no significant difference in the ovarian volumes between the populations.
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Table 4.
Third Instar Larval Ovaries
Germ Cells
F = Fed
S = Starvation-Selected

Terminal
Filaments
Cells

Somatic
Cells

Total Cells

Terminal
Filaments

F

S

F

S

F

S

F

S

F

S

Total Number of Cells

739

676

693

634

3357

4507

4039

5183

166

143

Mean Number of Cells

73.9

67.6

69.3

63.4

335.7

450.7

403.9

519.2

16.6

14.3

Standard Error of Mean
(SEM) +/-

7.47

4.93

8.77

6.39

23.29

29.03

26.25

29.5

1.33

0.90

p-Value

0.64

0.58

0.0043

0.0091

0.0996

Table 4. The Number of Cells per Third Instar Larval Ovary. These data represent the total number of cells in each category of
cells in the fed control and starvation-selected third instar larval ovaries. Total number of cells, mean, standard error of the means
were calculated using Prism GraphPad 7.0 and Statistica 7.0 software. p-values are from Statistica 7.0 software.
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The investigations into the larval ovaries did not provide me with the data that
pointed toward any developmental differences that could have caused fewer ovarioles
in the adult ovary. Therefore, I needed to look at a later developmental stage. Following
the larval stages is the pre-pupal stage that lasts approximately 12 hours. The
formation of the terminal filaments is complete at this point (Ehrman, 1971; King et al.,
1968). My investigations into the pre-pupal ovaries were modeled after the larval
studies. I hypothesized that at this point before pupariation, if there were any pre-adult
changes in ovarian development that led to fewer ovarioles in the adult ovaries, I would
find them. I specifically predicted that there would be fewer terminal filament cells
leading to fewer terminal filament formation. These findings would correlate with fewer
ovarioles in the adult ovaries.
I did find significant differences in the numbers of cells in the pre-pupal ovaries.
There were greater numbers of germ cells in the controls compared to the S-flies with a
p-value of 0.01. More importantly, both the terminal filament cells and the terminal
filaments had significantly greater numbers in the controls compared to the S-flies.
Those p-values were 0.0003 and 0.001 respectively. These data linked a
developmental change in the pre-pupal ovaries to an anatomical change of fewer
ovarioles in the adult ovaries. The remainder of the cellular data, total cells and somatic
cells, were not significantly different between the populations.
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Figure 18. Fed and Starvation-Selected Pre-Pupal Ovaries

Figure 18. Fed and Starvation-Selected Pre-Pupal Ovaries. Ovaries were dissected and immunostained. The germ cells were
immunostained using an antibody to the Vasa protein and a secondary antibody with (green) 488nm fluorescence. The terminal
filament cells were immunostained with an antibody to the Engrailed protein and a secondary antibody with (red) 568 fluorescence.
Nuclei were stained with DAPI (blue) 405nm fluorescence. A Nikon confocal microscope was used for imaging. Both images are
composites of all channels of fluorescence. Each image is a single optical section in a series of optical sections through the zdimension of the entire ovary. The scale bars are 50μm.
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Figure 19.

Fed and Starvation-Selected
Pre-Pupal Ovary Germ Cells
Total Number of Germ Cells

200
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F (n) = 30
S (n) = 30
P = 0.010

100
50
0
F Flies

S Flies

Figure 19. Total Number of Germ Cells per Pre-Pupal Ovary. Germ cells were counted in each set of optical sections from each
immunostained pre-pupal ovary. Each point on the graph represents the total number of germ cells in one ovary. There was significant
difference in the number of total germ cells per ovary between the populations.. The F-flies had more total germ cells per ovary.
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Total Number of Terminal Filament Cells

Figure 20.
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Figure 20. Total Terminal Filament Cells per Pre-Pupal Ovary. Terminal filament cells were counted in each set of ooptical sections
from immunostained pre-pupal ovaries. Each point on the graph represents the total number of terminal filament cells in one ovary. There
was significant difference in the number of total terminal filament cells per ovary between the populations.. The F-flies had more total terminal
filament cells per ovary.
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Figure 21.

Total Number of Somatic Cells
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Figure 21. Total Somatic Cells Per Pre-Pupal Ovary. Total cells were counted in each z-stack of confocal images of immunostained
pre-pupal ovaries. Germ cells were subtracted from total cells in order to obtain the number of somatic cells. Each point on the graph
represents the total number of somatic cells in one ovary. There was no significant difference in the number of total somatic cells per ovary
between the populations.
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Figure 22

Total Number of Cells
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Figure 22. Total Cells per Pre-Pupal Ovary. Total cells were counted in each set of optical sections from each immunostained pre-pupal
ovary. Each point on the graph represents the total number of cells in one ovary. There was no significant difference in the number of total
cells per ovary between the populations.
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Total Number of Terminal Filaments

Figure 23.
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Figure 23. Total Number of Terminal Filaments in Fed and Starvation-selected Pre-Pupal Ovaries. Terminal filaments were
counted in each set of optical sections from each immunostained pre-pupal ovary. Each point on the graph represents the total number of
terminal filaments in one ovary. There was a significant difference in the total number of terminal filaments per ovary between the
populations. The fed controls have more terminal filaments.
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Table 5.
Pre-Pupal Ovaries
Germ Cells
F = Fed
S = StarvationSelected
Total Number of
Cells
Mean Number of
Cells
Standard Error of
Mean
(SEM) +/p-Value

Terminal
Filaments
Cells

Somatic Cells

Total Cells

Terminal
Filaments

F

S

F

S

F

S

F

S

F

S

3,476

2,716

4,421

3,091

15,213

12,268

18,449

14,984

574

410

115.9

90.5

147.4

103

507.1

408.9

615

499.5

19.1

13.7

4.93

3.98

5.69

3.67

10.59

6.61

11.80

7.18

0.66

0.43

0.010

0.0003

0.484

0.076

0.001

Table 5. The Number of Cells Per Pre-Pupal Ovary. These data represent the number of each category of cells in fed control and
starvation-selected pre-pupal ovaries. The total number, mean and standard error of the mean from each category of cells in each
population were calculated on Prism GraphPad 7.0c and Statistica 7.0 software. p-values are from Statistica 7.0 software. F n = 30,
S n = 30.

Discussion
Investigation into ovarian development during the larval and pre-pupal stages
was fundamental to discovering any changes that may have lead to the decreased
ovariole number in the adult starvation-selected ovaries. The larval stages represent
the beginning of adult ovary formation (King et al., 1968). During the second larval
instar, the specification of somatic cells into terminal filament cells begins. Then,
through cell recruitment and cell sorting, clusters of terminal filament cells form (Godt &
Laski, 1995). By the late third instar, medial to lateral migration of terminal filament cells
across the ovary creates terminal filament stacks that are almost totally formed. This
takes approximately one day (Sahut-Barnola et al., 1995).
The starvation-selected third instar larval ovaries had a greater number of total
cells compared to the fed controls ( p =0.0043) reflected by a greater number of somatic
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cells (p = 0.0091). The volume of the third instar larval ovary increases 15 fold (Kerkis,
1931). However, the third instar larval ovarian volumes between the populations were
not significantly different. That lead me to the conclusion that although there were
increased numbers of total cells ( mean 519.2, SEM +/- 29.5), the cells must be smaller
in the starvation-selected ovaries compared to the fed controls (mean 403.9, SEM +/26.25) (Table 4). Therefore, the volume of the ovaries changed similarly between the
populations during the third larval instar.
Smaller cells in the third instar larvae of the S-population would be consistent
with the literature. Food limitation was shown to reduce cell number and cell size (D.
Green et al., 2011; Robertson, 1959; Sarikaya et al., 2012). In contrast, I am not sure
how to explain the greater numbers of total cells and somatic cells in the third instar
larval ovaries in the S-population. Potentially, that difference was due to varying rates
of growth and cellular proliferation between the populations. It is notable, that by the
time of the pre-pupal stage, the total number of cells and number of somatic cells
between the populations, did not show a significant difference.
My third instar larval images showed that the morphology of the starvationselected terminal filaments are different than the fed controls (example in Figure 1 D,
D’). The terminal filament cells in the fed control ovaries display uniformity in their
organization. Ordered terminal filament cell stack formation is occurring. In
comparison, the migration of terminal filament cells across the ovary is apparent, but the
terminal filament cells appear to be disorganized in the S-flies. The ordered and
uniform stacks are not formed. This points toward a delay in ovarian development in
the S-larvae compared to the controls.
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The disorganization of the terminal filament cells in the starvation-selected larval
ovaries might have been expected to arise from decreased numbers of terminal filament
cells to form the stacks. However, there were no significant differences in the numbers
of terminal filament cells, (F mean 69.3, SEM +/- 8.77 vs S mean 63.4, SEM +/- 6.39) or
terminal filament cell stacks (F mean 16.6, SEM +/- 1.33 vs S mean 14.3, SEM +/-0.90)
between the treatment populations of third instar larvae (Table 4). That was surprising,
considering that the number of terminal filament stacks equates to the number of
ovarioles in the adult ovary (Hodin & Riddiford, 2000; Sahut-Barnola et al., 1995). The
starvation-selected adult ovaries had fewer ovarioles, but it was apparent from the larval
ovary data that the third instar larval terminal filament cells and terminal filaments did
not contribute to this change. It appears that at the third instar larval stage of
development, the most striking difference was the morphology of terminal filament cell
stack formation, which raised the question of whether there was a developmental delay.
To resolve this question, there was a need to look later in development, since the
terminal filament stack formation is not complete until puparium formation.
I analyzed the same cell types in the pre-pupal ovaries that I analyzed in the
larval ovaries. There were some notable differences in my pre-pupal data. There was
no significant difference in the numbers of total cells or somatic cells between the
populations. However, there were significantly more germ cells (p = 0.010), terminal
filament cells (p = 0.0003) and terminal filament cell stacks (p = 0.001) in the fed control
pre-pupal ovaries compared to the starvation-selected pre-pupal ovaries. This was in
contrast to the larval ovaries, because there were no significant differences between the
treatment populations with regard to those same cell types in the larval ovaries.
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The most notable differences were between the terminal filament cells and
terminal filament cell stacks. The fed controls had greater terminal filament cells (mean
147.4, SEM +/- 5.69) compared to the S-flies (mean 103, SEM +/- 3.67). The fed
controls also had greater terminal filament cell stacks ( mean19.1, SEM +/- 0.66)
compared to the S-flies (mean 13.7, SEM+/- 0.429) (Table 5). Fewer terminal filament
cells will form fewer filament cells stacks. The number of terminal filament cell stacks in
the pre-pupal ovaries equates to the number of terminal filaments that form the
ovarioles of the adult ovary (Godt & Laski, 1995; Sahut-Barnola et al., 1996). These
data confirmed that there was a developmental link to the decreased number of
ovarioles in the adult ovaries of the starvation-selected females.
Evolutionary change that affects adult ovariole number may be linked to the
regulation of terminal filament cell numbers. The number of terminal filament cells
directly correlates with the number of terminal filaments formed (Godt & Laski, 1995;
Green et al., 2011; Sahut-Barnola et al., 1996; Sarikaya et al., 2012). It has been
shown that flies raised on limited nutrition have smaller cells and fewer cells (Robertson,
1959). Sarikaya et al. also showed that flies raised on limited nutrition had smaller and
fewer terminal filament cells than control flies and that they had fewer terminal
filaments. Also, that the adults had fewer ovarioles. The experimental model used by
Sarikaya et al. limited nutrition during the larval stages, which is in contrast to our model
that imposed starvation-selection on the adults. However, my pre-pupal data are similar
to their results.
My pre-pupal data showed fewer terminal filament cells and fewer terminal
filaments in the starvation-selected population that was significant compared to the
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controls. These data directly correlate with my adult data in generation 94 and
generation 110 that showed fewer ovarioles per ovary. These findings are consistent
with data reported by Sarikaya et al. Interestingly, those researchers imposed nutrient
limitation during the larval stages, which had a similar effect as starvation-selection
imposed in the adults. The starvation-selection imposed on our adult S-flies, affected
the development of the ovary during the pre-pupal stage. That was similar to the effect
seen by limiting nutrition during the larval feeding stages, which resulted in fewer
numbers of terminal filament cells and fewer numbers of terminal filaments in the larvae
(Sarikaya et al., 2012).
The primordial germ cells in the larvae descend from the pole cells in the
embryonic gonad (Asaoka & Lin, 2004). The primordial germ cells are precursors to the
germline stem cells that will reside in the stem cell niche at the anterior tip of the
ovariole. The production of eggs is dependent on the maintenance of the germline stem
cells. The number of primordial germ cells proliferate during the larval stages (Gancz,
Lengil, & Gilboa, 2011). The changes in germ cell number do not affect the number of
terminal filaments (Gilboa & Lehmann, 2006). However, the number of primordial germ
cells will affect how many are available to populate the stem cell niches once they are
formed. In the third instar larval ovaries, there were not significant differences in the
numbers of germ cells between the populations. However, by the pre-pupal stage,
differences arose.
The number of germ cells in the pre-pupal ovaries between the populations did
show a significant difference ( p = 0.010). The fed controls had a greater number of
germ cells (mean 115.9, SEM+/- 4.93) compared to the S-flies (mean 90.5, SEM+/-
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3.98) (Table 5). That would lead to more germ line stem cells to populate the stem cell
niche of each ovariole. Since there were more terminal filaments in the pre-pupae and
more ovarioles in the adult ovaries of the fed controls, the corresponding number of
germ cells may be greater in order to populate the stem cell niches. In contrast, there
were fewer terminal filaments in the starvation-selected pre-pupae and fewer ovarioles
in the adults. Similarly, there were fewer corresponding numbers of germ cells in the Spre-pupae.
Research has shown that there is a longer development time in the Gibbs lab
starvation-selected flies, from the first larval instar through the pupal stage (Brown et al.,
2019). Longer development time allows the S-larvae to accumulate more energy stores
during the larval feeding stages, which is a factor in the evolution of the starvation
resistant trait. Additionally, if there is longer time spent in the pre-adult stages of
development acquiring more energy stores, it raises the question whether more energy
is allocated to ovarian development.
My pre-pupal ovary data answers that question. Although there is longer time
spent in the pre-adult stages of development (Brown et al., 2019), the additional energy
acquired is not utilized for ovarian development. That conclusion is supported by my
data reflecting fewer terminal filament cells, that built fewer terminal filaments in the
starvation-selected pre-pupal ovaries. Fewer pre-pupal terminal filaments led to fewer
ovarioles in the adult. Furthermore, the disorganization of the terminal filament cells in
the third larval instar in the S-population indicates that the increased acquisition of
energy during the longer feeding stages is underutilized for ovarian development and
that ovarian development is delayed in the starvation-selected larvae.
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The larval and pre-pupal stages represent an optimal time in the fruit fly lifecycle
to study ovarian development. The cells that form the adult ovary are specified to
different cell types and proliferating during those developmental stages. The
specification of the terminal filament cells that lead to the formation of terminal filaments
that form the adult ovaries begins during the mid-larval stages and continues until
puparium formation. The fewer number of terminal filament cells and fewer terminal
filaments make it clear that less energy is being allocated to ovarian development in the
starvation-selected populations. The starvation-selected flies have evolved a starvation
resistant trait, coupled with decreased adult fecundity, that has persisted across
generations. Anatomical differences in reproductive capacity that were discovered
between the adult treatment populations, were initiated by changes that began during
the pre-adult developmental stages. Thus, a trade-off in allocation of resources between
survival and reproduction exists, beginning in the pre-adult stages.
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Chapter Five
Trade-offs Between Survival and Fecundity in Starvation-Selected Drosophila
melanogaster: Summary of Data and Considerations for Future Experiments
Nature is unpredictable even when we are familiar with the environment and the
potential changes in environmental conditions that may occur. Based on this, the
creation of laboratory environments to mimic natural conditions that we want to study
are an advantage in scientific research. A laboratory model that selects for the
starvation resistant trait has been utilized in the Gibbs Lab for over 120 generations of
fruit flies; and the starvation resistant trait persists across generations of the starvationselected flies.
Research in the Gibbs Labs that proceeded mine showed data that the
starvation-selected females laid fewer eggs, lived longer under starvation conditions
and stored more lipids (Reynolds, 2013). Other data concluded that the starvationselected flies had cardiac dysfunction due to their obesity (Hardy et al., 2015). The data
that I have presented are some examples of how these flies have adapted to starvationselection and evolved to maintain the starvation resistant trait.
In particular, I have reported on some of the notable phenotypes that are
exhibited through the adaptive evolution that has taken place in the females. The first
data that I wanted to replicate was for starvation resistance. The starvation resistant
trait remains central to the evolution of all other traits in these flies. In conjunction with
the starvation assay, I tested for a correlation between starvation resistance and
fecundity in individual females. In doing that, I showed a negative correlation between
starvation resistance and fecundity, where the longer the females lived, the fewer eggs
they laid. These data set up the premise for my future experiments.
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The starvation-selected females in generation 80 exhibited the persistence of the
starvation resistant trait when exposed to starvation conditions, coupled with decreased
fecundity in comparison to the fed controls. The change in these life history traits was
believed to result from trade-offs in the allocation of resources for survival at the
expense of reproduction. Sufficient egg production leading to viable progeny is at the
heart of a female’s fitness. Changes in female fitness can affect the survival of a
population. Therefore, investigating the decreased fecundity in relation to starvation
resistance in the S-females and how it could be occurring, was my next focus.
Egg production begins in the ovary, which is made up of functional units called
ovarioles. The ovarioles house the stem cell units where oogenesis begins. The
number of ovarioles in the adult ovary is a determinant of the egg laying capacity of the
female (Carlson et al., 1998; Ehrman, 1971; Green & Extavour, 2012; Kambysellis &
Heed, 1971; Sarikaya et al., 2019). The relationship between fecundity and ovariole
number in the adult ovary caused me to ask whether there were fewer ovarioles in the
starvation-selected ovaries in comparison to the controls. Fewer ovarioles would be an
explanation for decreased egg production.
I performed an experiment to compare the number of ovarioles per ovary
between the treatment populations. These data indicated that there were fewer
ovarioles in the ovaries of the starvation-selected females in comparison to the controls.
There were 19 ovarioles per ovary in the F-females and 16 ovarioles per ovary in the Sfemales. That was a significant difference between the populations. The ovariole data
was a new discovery of an anatomical change in the adult S-female ovaries that
contributed to the change in their reproductive capacity.
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Up to that point in my studies, I had determined that there was increased
starvation resistance under starvation conditions, which had a negative correlation to
fecundity and fewer ovarioles per ovary in the adult female S-flies compared to controls.
The females that I used for these experiments were four days old, based on the
literature stating that peak fecundity was at four days of age (King, 1957). However, I
wanted to test whether that remained true in these laboratory populations of flies.
In order to determine the peak egg laying capacity of the females, I needed to
look at fecundity over a longer period of time. I used females from one day old to seven
days old. I also increased the sample size from my original starvation and fecundity
experiment of 24, four-day old females per treatment population, with 24 hours of egg
laying, to 36 females per treatment population per day, with 24 hours of egg laying for
seven days.
Simultaneous to the seven day fecundity experiment, I looked at the number of
egg chambers in each stage of oogenesis, in each ovary, on each day of female age. I
wanted to see if there was any correlation between the numbers of egg chambers in the
stages of oogenesis that led to the decreased fecundity in the starvation-selected
females. Additionally, I could determine the numbers of ovarioles in each ovary by
counting the germaria. The germaria is the anterior most region of the ovariole (King,
Aggarwal., & Aggarwal). Each germaria is a proxy for the number of ovarioles in an
ovary.
The seven day fecundity data revealed that the peak egg laying capacity for the
F-flies was from five day old females and for S-flies it was from six day old females. Up
to day five, the F-flies had significantly greater daily fecundity than the S-flies (Table 1).
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However, on day six when the S-flies had peak egg laying capacity, there was no
significant difference between the populations and the means of eggs laid were both 53.
Interestingly, by day seven of female age, the S-females laid a significantly greater
mean number of eggs than the F-females.
The egg chamber staging experiment resulted in some notable data. There were
significantly fewer pre-vitellogenic egg chambers from day one to day four of female age
in the starvation-selected ovaries compared to the fed controls. After day four, although
the numbers were not significant, the pre-vitellogenic egg chambers remained fewer
through day seven compared to the controls. The previtellogenic egg chambers are the
first to develop in the ovariole, and these data indicated that fewer egg chambers were
being started in the S-flies. These data also pointed toward a conservative mechanism
in the S-flies that potentially sets up the females for reduced fecundity.
The significant conclusions from my data after these experiments were increased
survival under starvation conditions, decreased and delayed peak egg laying capacity,
fewer ovarioles per ovary and fewer previtellogenic egg chambers per ovary in the
starvation-selected females compared to controls. These data raised the question of
what could have caused the anatomical changes in the adult ovaries leading to
decreased egg laying capacity in the S-females. To answer that question, I looked back
in the fly lifecycle to see if I could determine any developmental changes that led to
decreased ovarioles.
The ovarioles in the adult ovary arise from the terminal filaments that are formed
in the ovaries during the third larval instar and pre-pupal stages. The terminal filaments
arise from the terminal filament cell stacks that are formed from the terminal filament
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cells. The terminal filament cells are specified from somatic gonadal precursors in the
ovaries during the second larval instar (Godt & Laski, 1995). In order to determine any
developmental differences between the treatment populations, I studied the third larval
instar and pre-pupal ovaries. I hypothesized that if there were changes in ovarian
development in the pre-adult stages of the starvation-selected flies , it would provide a
link to the major anatomical change that was discovered in the adult ovary.
Furthermore, that a link between pre-adult ovarian development changes and
decreased ovarioles in the adult ovary, would directly connect those changes to
decreased fecundity in the starvation-selected females.
My results from the larval studies did not support any significant findings that lead
to decreased ovarioles in the adult ovaries. However, the results from my pre-pupal
studies provided the data that I hypothesized I would find. There were significantly
fewer numbers of terminal filament cells, leading to the formation of fewer terminal
filament cell stacks. My data are supported by similar findings in the literature (Sarikaya
et al., 2012). The number of terminal filaments at the time of puparium formation
equates to the number of ovarioles in the adult ovary (Hodin & Riddiford, 2000; SahutBarnola et al., 1996). My data confirmed that the decreased terminal filament cells in
the pre-pupal ovaries lead to fewer terminal filaments at the time of puparium formation,
which caused fewer ovarioles in the adult ovaries of the starvation-selected females.
The number of ovarioles in the adult ovary is a direct determinant of the egg laying
capacity of the female (Green & Extavour, 2012; Spradling, 1993). Therefore, the
additive effects of my data point toward some of the mechanisms that caused
decreased egg laying capacity in the starvation-selected females.
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Considerations for Future Experiments
There are many reasons to do scientific research, which depend on the specific
goals of the laboratory and research scientists. Expanding on the available knowledge
about how things happen in the natural world is one reason to do research. Working on
a living system to study anatomy and physiology can provide fundamental knowledge
about life processes. The data from a research project may represent the final outcome
and the end of the project, or it may provide the impetus for further investigations.
Hopefully, the data that I have presented will lead to future research on the starvationselected flies. I will focus on some of the positve results that I deemed notable for
future studies.
The fecundity data will be important to follow-up on, since decreased fecundity is
one of the outstanding traits of the starvation-selected females. The study of one day
old to seven day old females ended with some interesting data. After the females in
both treatment populations reached their peak egg laying capacity, the egg-laying rate
by the F-flies declined more rapidly than the S-flies. That was represented by a greater
number of mean eggs laid by the S-flies on day seven. My study ended on day seven
of female age. It would be interesting to see what happens as the females in the
treatment populations age beyond day seven.
I would recommend doing a longer fecundity study, using the same model, to
determine if the peak fecundity in either population changes and if the starvationselected females continue to lay more mean eggs per day compared to the controls.
Also, I would want to determine any difference in the reproductive lifespan of the
females in the treatment populations. This would entail allowing the females to lay eggs
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until reproductive senescence, or the end of egg laying. Some literature reports that the
starvation resistant trait is correlated with decreased early fecundity. Starvation survival
also correlates with longer lifespan and egg laying later in life (Chippindale et al., 1998;
Chippindale, Leroi, Kim, & Rose, 2004; Foley & Luckinbill, 2001). Conversely, well-fed
females have increased early fecundity and shorter lifespans. My data supports
increased early fecundity in the F-flies compared to the S-flies. Whether these data
correlate with a shorter reproductive lifespan in the F-flies compared to the S-flies
remains to be seen.
There were fewer pre-vitellogenic egg chambers produced in the S-flies
compared to the controls. A follow up study on these data could be done to determine
the amount of larval lipids that remain in the S-females at the time of eclosion and how
long in adult life the larval lipids persist. The larval lipids provide the metabolic fuel for
oogenesis in the early adult. Since the S-females produced significantly fewer previtellogenic egg chambers up to day four of female age, it was my conclusion that they
were using fewer lipid stores. I also compared my pre-vitellogenic egg chamber data
with the Aguila et al. data, that showed that decreased utilization of larval lipids caused
decreased fecundity. My data showed evidence for decreased utilization of lipid stores
through decreased production of pre-vitellogenic egg chambers in the S-females.
Next, I would recommend looking at the numbers of pre-vitellogenic egg
chambers in pupal ovaries. Oogenesis arrests at the pupal stage. The only egg
chambers that have been produced at the time of the pupal stage are pre-vitellogenic.
They would be the first eggs laid in early adult life. Fewer pre-vitellogenic eggs
produced at the pupal stage would correlate with fewer pre-vitellogenic egg chambers in
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the adult. That would set the adult up for decreased fecundity since there would be
fewer egg chambers that could reach maturity . It would also give more insight into the
energy utilization during the larval and pupal stages, as research shows that the Gibbs
starvation selected flies have delayed development from the larval through pupal stages
and store more energy (Brown et al., 2019).
Molecular studies to look at variation in gene expression, such as the larval
serum protein-2-gene, (Lsp-2), that is involved in energy storage and utilization during
the late larval and pupal stage could be designed. Research has shown that levels of
LSP protein and RNA decline during the late pupal stage (Beneš et al., 1990). Genetic
expression of Lsp-2 may be altered in the S-flies during the late larval and pupal stages,
which may be one molecular mechanism that has increased energy storage and
decreased utilization for oogenesis in the early adult S-flies.
The decreased numbers of terminal filament cells and terminal filament cell
stacks that led to decreased ovarioles in the adult ovary could be further studied during
the larval stages. The bric-a-brac gene is required for the formation of the terminal
filaments. It is involved in cell recruitment and cell rearrangement during formation of
the terminal filament stacks. Its expression is seen in the nuclei of the terminal filament
cells (Godt & Laski, 1995; Sahut-Barnola et al., 1995). It in unknown if levels of bric-abrac protein are changed in the S-flies in comparison the fed controls. This molecular
mechanism for adult ovary morphogenesis would be interesting to investigate in order to
see if any changes in the expression of bric-a-brac may be a cause of decreased
ovarioles in the adult starvation-selected ovaries.

142

In conclusion, my studies on the the starvation-selected and fed control flies
began by expanding on previous work done by Lauren Reynolds in the Gibbs Lab. I
then found new data regarding changes in adult ovarian anatomy. That led to
discoveries showing differences in the rate of egg laying, in peak egg laying capacity, in
oogenesis in the adult and in ovarian development in the pre-pupal stages between the
treatment populations. The starvation-selected flies demonstrate how an organism can
adapt in order to survive one of the harshest environmental stressors an organism can
encounter. Trade-offs in the allocation of resources between survival and reproduction
plays the central role in the success of these flies. Future research can only provide
more insight into the cellular, molecular and metabolic mechanisms that have evolved
over generations of laboratory selection in order to maintain the starvation resistant trait
and the population of starvation-selected flies .
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Appendix One. Day by Day Comparisons of 24 Hour Fecundity in Fed and
Starvation-Selected One Day Old to Seven Day Old Females. One female and two
males were put into a tube of a fly condo with grape agar and yeast paste. There were
twelve females per replicate population per day from each treatment population. The
females were allowed to lay eggs for 24 hrs. The eggs were counted and the totals
logged on excel spreadsheets for each female on each day. The data was exported
into Statistica 7.0 software. A nested ANOVA was performed with the replicates as
random effects, nested in selection. Then, the treatment populations were compared to
each other using ANOVA. Graphs were made using Prism GraphPad 7.0c.
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Appendix Two. Day by Day Comparisons of the Number of Egg Chambers in
Each Stage of Oogenesis in One Ovary from One Day Old to Seven Day Old
Females in the Fed Control and Starvation-Selected Populations. Ten females per
day from each replicate population in the treatment populations were dissected and
their ovaries stained with DAPI. One ovary was mounted on each slide. Ovaries were
disrupted with tungsten needles in order to count and stage individual egg chambers.
The totals for each egg chamber stage per ovary were logged on Excel spreadsheets.
Each point on the graph represents the total number of egg chambers in each stage
from one ovary. Data was exported into Statistica 7.0 software. A nested ANOVA was
performed with the replicates as random effects, nested in selection. Then, the
treatment populations were compared to each other using ANOVA. Graphs were made
using Prism GraphPad 7.0c.
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